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Chapter 1: Introduction 
1.1 Motivation 
“There is plenty of room at the bottom” is the title of a legendary talk delivered by a 
Nobel laureate physicist and great visionary, Richard P. Feynman in 1959 [Fey59]. In this 
famous lecture he commented that there were no fundamental physical reasons that materials 
could not be fabricated at nanoscale by maneuvering individual atoms. Now after 50 years, 
“nano” has become an integral part of our daily life ranging from extraordinarily tiny 
electronic devices, including miniature batteries, to biomedical uses, packaging films, 
superabsorbent, components of armor, parts of automobiles and many more. The fabrication, 
understanding and mastering of the materials at nano-scale is termed as nanotechnology. At 
this level, materials have been shown to exhibit amazing and significantly different properties 
than the bulk phase. 
Over the past decade, there has been an enormous interest surrounding the design and 
controlled fabrication of nanostructured materials with functional properties. The interest in 
nanoscale materials arises from the fact that their physical and chemical properties can be 
effectively modulated as a function of their size, composition, and structural order. The need 
of a wide spectrum of effective strategies to build nanomaterials with tailored properties is 
being realized in order to meet the ever-increasing demands (e.g. structural and compositional 
complexity) placed on materials synthesis and performance by nanotechnology. The variation 
in properties of materials with size can be ascribed to two main reasons. First, nanomaterials 
have a relatively larger surface area as compared to the same mass of material produced in a 
larger form. This can make materials more chemically reactive and affect their strength or 
electrical properties. Second, quantum effects begin to dominate the behavior of matter at the 
nanoscale - particularly at the lower end - affecting the optical, electrical and magnetic 
behavior of materials.  
Nanomaterials can be produced in one dimension (for example, very thin surface 
coatings), two dimensions (for example, nanowires and nanotubes) or all three dimensions 
(for example, nanoparticles). The defining characteristic of these materials is a very small 
feature size in the range of 1-100 nanometer (nm). The unit of nanometer derives its prefix 
“nano” from the Greek word meaning dwarf or extremely small. Generally, nanomaterials 
can be constructed by two protocols; one is 'top down' approach where very small structures 
are produced from larger pieces of material, for example by etching to create circuits on the 
surface of a silicon microchip. Alternatively, they may also be fabricated by 'bottom up' 
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techniques, where nanostructured materials are constructed atom by atom or molecule by 
molecule.  
Colloidal particles represent an attractive class of nanomaterials which have been widely 
used to create ordered and complex materials. They are also of prime interest in chemical 
engineering, pharmaceutical and biological applications. Over the last decade there have been 
immense efforts to fabricate organic-inorganic hybrid colloidal materials with tailored 
structural, optical, and surface properties [Wil95, Mat96, Par97]. The term used to describe 
the synthesis of hybrid particles with defined morphologies and properties can be referred to 
as “particle engineering” [Dav98]. The fabrication of hybrid colloidal particles is motivated 
by a variety of reasons [Wil95, Mat96, Par97]. For example, the shell can alter charge, 
functionality, and reactivity of the surface, and can enhance the stability and dispersibility of 
the colloidal core. Moreover, magnetic, optical, or catalytic functions may be readily 
imparted to the dispersed colloidal matter depending on the properties of the coating. 
Encasing colloids in a shell of different composition may also protect the core from 
extraneous chemical and physical changes [Ohm93, Goi98]. Hybrid particles often exhibit 
improved physical and chemical properties over their single-component counterparts, and 
hence, are potentially useful in a broader range of applications including surface enhanced 
Raman scattering (SERS), catalysis, biochemistry, nonlinear optics, bioanalysis, capsules for 
controlled release of therapeutic agents, coatings, electronics, catalysis, separations, and 
diagnostics [Wil95, Mat96, Par97]. The creation of core-shell colloidal particles is also of 
interest from a fundamental and academic viewpoint, especially in the areas of colloid and 
interface science. They can be utilized as model systems to investigate factors governing 
colloidal interactions and stabilization [Nap83, Ant99, Sat80] and to gain valuable 
information on the properties of concentrated dispersions [Bar97].  
The fabrication of hybrid particles typically involves the templating of preferred 
inorganic materials against the organic or inorganic colloidal templates. There exists a variety 
of templates which have successfully been used for the fabrication of hybrid materials 
including silica, polystyrene beads and microgels particles. Polystyrene beads have been seen 
as an effective template for the preparation of core-shell hybrid particles, because of their 
simple preparation, ease in surface functionalization, and flexibility in size variations. Tissot 
et al [Tis01, Tis02] reported on the deposition of silica layer on polystyrene latex particles, 
using a silane coupling agent to compatibilize core and shell materials. Sherman et al [She05] 
described the coating of cadmium sulfide and cadmium selenide/cadmium sulfide core-shell 
particles on the polystyrene core, using the electrostatic interaction between core and shell. 
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Other inorganic coatings deposited on PS colloidal particles employing the above mentioned 
approaches include titania (TiO2) [Wan02], Fe3O4 [Hua05], ZnS [Pic05] and zeolites [Val02] 
etc.  
Microgel colloidal particles are another class of polymer templates which is also being 
extensively used in the fabrication of hybrid particles. The advantages offered by these 
template particles include simple synthesis, easy functionalization and a possibility of tuning 
the particle dimension from few nanometers to several micrometers. More importantly, 
microgels can undergo a large volume transitions in response to a variation in external stimuli 
(e. g. temperature, pH, ionic strength etc) [Hu95, Fun98]. Recent research efforts are aiming 
to exploit in situ synthesis of metal nanoparticles within polymer network architectures and 
the synthesized products using these approaches are leading to new hybrid or hybrid systems 
in chemistry and engineering. A variety of studies have been reported in the literature on the 
fabrication of hybrid microgels loaded with different type of inorganic nanoparticles  [Pic07] 
but surprisingly, loading of ZnO nanoparticles has never been explored. Among all 
semiconductors, ZnO is a technologically important material exhibiting quantum confinement 
effects in an experimentally accessible size-range. Incorporation of this multifunctional 
material into stimuli responsive microgels may result in a hybrid material that can be used in 
a broad spectrum of potential applications including fabrication of ZnO based UV detectors, 
nanosensors, optoelectronic devices and photocatalyst. This fact motivated the exploitation of 
the possibilities of incorporation of the ZnO nanoparticles into microgel particles. 
Hollow spheres represent another interesting class of nanomaterials due to unique 
properties such as high surface to volume ration, low density and high porosity. One of the 
earliest processes for making hollow latex particles was developed by Kowalski and 
colleagues at Rohm and Hass Company [Kow84, Bla96]. Later on, a wide range of chemical 
and physicochemical strategies, including a layer by layer approach [Car98], self-assembly 
techniques [Zho00], direct templating of colloidal particles [Tis01] heterophase 
polymerisation combined with a sol-gel process [Imh01], nozzle-reactor systems [Lu99], 
emulsion or interfacial polymerisation strategies [Bru97], has been proposed to fabricate 
polymeric or ceramic hollow spheres. So far a number of organic [Xu04] and inorganic 
hollow spheres including SiO2 [Car98], TiO2, SnO2 [Zho00], ZnO [Yan06], Ga2O3 [Sun04], 
Alumina [Hu07] and Aluminosilicate [Li03] have been prepared. They are perceived to have 
a variety of fascinating applications because of their potential utility for use as confined nano- 
and meso-reaction vessels, fabrication of optoelectronic devices, drug delivery, encapsulation 
and protection of biologically active agents, development of artificial cells, fillers, pigments, 
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adsorbents, coatings and so on [Dav02]. Fascinating properties and ever increasing potential 
application of these nanostructured materials motivated the investigation of the fabrication of 
novel pure and mixed ceramic hollow spheres. 
1.2 Research Goals 
The primary objective of the present work is to design and fabricate a variety of organic-
inorganic colloidal hybrid materials with tailored morphology and functional properties, as 
well as, to explore their potential applications in the field of nanotechnology.  
A variety of metal oxide-polystyrene hybrid particles were fabricated by templating ß-
diketone functionalized polystyrene beads against metal oxide nanoparticles exploiting the so 
called template-assisted approach [Tis01]. As discussed above, a number of studies have been 
reported in the literature on the preparation of organic-inorganic hybrid particles with core-
shell morphology. However, only limited number of studies have been devoted to 
precipitation of metal oxide shell on polystyrene beads including TiO2 [Wan02], Fe3O4 
[Hua05], SiO2 [Car98] and Fe2O3 [Son04] etc. The aim was to extend the metal oxide-
polystyrene family by investigating the templating behavior of polystyrene beads against a 
series of metal oxide/hydroxide nanoparticles such as ZnO, TiO2, Ta2O5 (tantala) and 
In(OH)3 nanoparticles. The effect of various reaction conditions on the structural parameters 
such as size, morphology, and void size of hybrid particles was investigated and results are 
presented and discussed in Chapter 3. Most of the reported synthetic strategies describe the 
fabrication of hybrid particles with only core-shell morphology. However, polystyrene 
colloidal particles decorated with metal oxide nanoparticles forming the raspberry-like 
morphology rather than a continuous shell can also be of interest for some potential 
applications such as substrates for surface-enhanced Raman scattering, heterogeneous 
catalysts, functional fine particles, super hydrophobic materials, absorption/separation 
supporting materials and in the fabrication of electronic and optical based nanosensors 
[Car01]. In addition, such particles decorated with smaller active nanoparticles can also be 
exploited as carrier of metal oxide nanoparticles into the host matrix or in fabrication of 
polystyrene-metal oxide hybrid films by annealing a layer of these particles above 110°C 
[Ugu05, Juh95]. Therefore investigations on the fabrication of polystyrene-metal oxide 
hybrid particles with raspberry-like morphology were also explored.  
Subsequently, hollow spheres were prepared by removing the polystyrene core from the 
obtained core-shell hybrid particles through the calcination at elevated temperature or 
chemical dissolution in suitable organic solvents. A number of studies are reported in the 
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literature on the fabrication of hollow spheres with ceramic shells having a maximum of 80 
nm thicknesses [Imh01, Wan06]. Beyond this limit, lack of the control on the thickness, 
uniformity and roughness of deposited inorganic shell has been realized. For certain 
applications such as control release systems, hollow spheres with a porous and mechanically 
robust shell are required which can allow the controlled transport of target species across it. 
However, for extremely large target species such as enzymes and proteins, the sizes of the 
pores present within the shell have to be made comparable to the size of those molecules. The 
presence of such large size pores in thin ceramic walls deteriorates their mechanical strength 
and limits their use in such applications. Thus, the reaction parameters which can allow the 
precipitation of a thick shell on polystyrene beads in order to achieve the mechanically robust 
TiO2 and Ta2O5 hollow spheres were investigated and the results are discussed in Chapter 4. 
Furthermore, hollow spheres with shells of mixed metal oxides were fabricated. It is 
well known that TiO2 can serve as an effective photocatalyst for a variety of photochemical 
reactions [Che03, Yue06, and Zha05]. Moreover, it has also been reported that the presence 
of a small amount of ZnO can improve the photo catalytic activity of TiO2 [Ser95, Suk96]. 
Thus, hollow spheres composed of TiO2-ZnO mixed metal oxides were fabricated and results 
are shown in Chapter 5. In addition, magnetically responsive hollow TiO2 capsules by 
confining the iron oxide nanoparticles into the core of hollow capsules were also prepared 
and discussed in Chapter 5. These nanostructures are envisaged to serve potentially as an 
efficient and easily removable photocatalyst for a variety of photochemical reactions. 
Templating of inorganic nanoparticles against temperature responsive microgel colloidal 
particles with the aim to fabricate the hybrid particles was also studied. Poly (N-
vinylcaprolactam (VCL) and poly (N-isopropylacrylamide) (PNIPAm) particles were used as 
thermosensitive template particles for the loading of ZnO and CdTe nanoparticles, 
respectively. The influence of various reaction parameters on the loading behaviour of filler 
particles and the modulation in properties of microgels particles as a function of the filler 
content were investigated and results are discussed in Chapter 6.  
Finally, the application of the prepared core-shell hybrid particles in the fabrication of 
colloidal crystal arrays (CCAs) has been studied. As a case study, focus was put on the TiO2 
coated polystyrene beads, taking into consideration the high refractive index of TiO2 [Pal85]. 
The effect of various structural parameters on the modulation of stop band position and band 
width of the CCAs was studied and results are presented in Chapter 7. Moreover, PS-metal 
oxide hybrid particles with raspberry-like morphology have been used as carriers for metal 
oxide nanoparticles in a host polymer matrix. As an example, mixing of PS-ZnO hybrid 
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particles into the poly (ethylmethacrylate) (PEMA) matrix was investigated and results are 
shown in Chapter 7.  
 
Figure1.1: Schematic illustration of the research plan of present work. 
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In a nutshell, the set research goals for present thesis work involved; (a) Synthesis of 
colloidal particles, including polystyrene beads and thermosensitive microgels by emulsion 
polymerisation. (b) Fabrication of hybrid particles or microgels by coating/ incorporating of a 
variety of inorganic nanoparticles on/into colloidal particles. (c) Fabrication of a series of 
metal oxide hollow spheres by removal of polystyrene core from core-shell polystyrene-metal 
oxide hybrid particles. (d) And application of fabricated nanostructured materials in various 
facets of nanotechnology. A schematic presentation of the research plan to achieve these 
goals is shown in Figure 1.1. 
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Chapter 2 Analytical Tools  
2.1 Electron Microscopy  
Electron microscopy is an analytical tool which is used to examine the objects on a very 
fine scale by exploiting a high energy electron beam. This examination can yield a variety of 
information about the sample including topography, morphology, chemical composition and 
crystallographic structure [Mag96]. The high energy electrons strike the sample and 
consequently various interactions take place between sample and electron beam as shown in 
Figure 2.1.1. Depending on the signals gathered to create an image, electron microscopy can 
be subdivided into transmission electron microscopy and scanning electron microscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.1: Schematic presentation of the possible interactions between sample and 
electron beam in an electron microscope. 
2.1.1 Transmission Electron Microscopy  
The basic set-up of a transmission electron microscope is shown in Figure 2.1.2a. TEM 
works in a similar way as a light microscope [Che90]. Instead of a light beam, a beam of 
electrons is used and magnetic lenses replace the optical lenses. As the electrons are charged, 
they can be deflected by the application of an electric or magnetic field. A beam of electrons 
can be made to diverge, or converge at a point using a magnetic field, which is analogous to 
the functioning of optical lenses. 
Incident beam 
Backscattered beam 
Secondary e- 
X-rays 
Cathodaluminescence 
Unscattered e- 
Unelastically  
scattered e- 
Elastically  
scattered e- 
Sample 
Auger e- 
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Figure 2.1.2: Schematic diagram of transmission electron microscope instrumentation: (a) 
TEM imaging set-up and (b) selected area electron diffraction pattern processing set-up. 
An electron gun is used as a beam source. It consists of a heated cathode, which emits 
thermal electrons. These thermal electrons are then accelerated using a high electrical 
potential from 60 to 400 kV. The beam of electrons is adjusted by the use of condenser lenses 
to get a parallel beam, which is allowed to fall on the sample. The magnification can be 
adjusted by adjusting the beam width, which in turn depends on the strength of the condenser 
lens. The electrons transmitted through the sample are then passed through a set of objective 
lens, objective aperture, intermediate lens and a projector lens to give a highly magnified 
image of the sample. As the bombarded electrons are scattered by the electrons of the atoms, 
present in the sample, the darker part of the image correspond to the higher electron density 
areas, while lighter parts indicate the lower electron density areas. The contrast depends upon 
electron density, and hence, the elements present in the sample. Heavy elements scatter more 
electrons, and hence, provide better contrast in resulting TEM image. 
In the case of crystalline samples, a slight change in the experimental set-up can give an 
electron diffraction pattern instead of the sample image. As shown in Figure 2.1.2b, use of 
additional aperture limiting the area of beam and change in the strength of the intermediate 
lens in accordance with the objective lens, can give a so-called selected area electron 
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diffraction pattern (SAED) of the sample. The diffraction pattern appears as a dot pattern if 
the area under investigation is a single crystal. In case of a polycrystalline sample, a ring 
pattern is observed instead. The pattern is characteristic of the sample material and its 
orientation with respect to the beam. It provides information about crystal structural 
parameters such as d-spacing between the crystal planes and symmetry.  
For TEM investigation, the samples are laid on a copper grid covered with thin carbon 
film. The sample thickness should be very small, typically less than 100 nm. In case of finely 
powder samples, the powder is dispersed in a suitable solvent and a drop of it placed on the 
grid. Removal of the solvent by evaporation results in deposition of the sample on the grid. 
Alternatively, for larger objects ultramicrotoming is used to prepare the samples. In this 
technique, the sample is first embedded in a polymer matrix and then thin sliced into the thin 
sections of 30-100 nm thickness using a diamond knife. These slices are then laid on the grid 
for analysis.   
2.1.2 Scanning Electron Microscopy   
The scanning electron microscope (SEM) is a different type of electron microscope 
that creates images by focusing a high energy beam of electrons onto the surface of a sample 
and detecting signals from the interaction of the incident electrons with the sample's surface 
[Che90]. Unlike the light in an optical microscope, the electrons in a SEM never form a real 
image of the sample. Instead, the SEM constructs a virtual image from the signals emitted by 
the sample. The type of signals gathered in a SEM varies and can include secondary 
electrons, characteristic X-rays, and back scattered electrons as shown in Figure 2.1.1. The 
SEM is capable of producing high-resolution images of a sample surface in its primary use 
mode, secondary electron imaging. Due to the manner in which this image is created, SEM 
images have an increased depth of field yielding a characteristic three-dimensional 
appearance useful for understanding the surface structure of a sample. This large depth of 
field and the wide range of magnifications are the most familiar imaging mode for specimens 
in the SEM. Characteristic X-rays are emitted when the primary beam causes the excitation 
of inner shell electrons from the sample and are used to achieve energy dispersive X-ray 
analysis (EDXA) to investigate the elemental composition of the sample. However, the 
resolution of EDX is very poor, and hence, it is preferentially used for the investigations of 
heavier elements. The back-scattered electrons emitted from the sample may be used alone to 
form an image or in conjunction with the characteristic X-rays as atomic number contrast 
clues to the elemental composition of the sample. Back scattered electrons are on their own 
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sensitive to atomic number and provide chemical informations without the need for coupling 
with EDX. The resolution is, however, better than EDX but poorer than secondary electrons. 
 
  
Figure 2.1.3: Schematic diagram of a scanning electron microscope instrumentation.1 
Figure 2.1.3 shows the schematic representation of a scanning electron microscope with 
secondary electrons. A beam of electrons is generated in the electron gun by heating of a 
metallic filament, located at the top of the column. The electron beam follows a vertical path 
through the column of the microscope. This beam is attracted through the anode, condensed 
by a condenser lens, and focused as a very fine point on the sample by the objective lens. The 
scan coils are energized (by varying the voltage produced by the scan generator) and create a 
                                                 
1
 This image was taken from http://www.mse.iastate.edu/microscopy/path2.html 
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magnetic field, which deflects the beam back and forth in a controlled pattern. The varying 
voltage is also applied to the coils around the neck of the Cathode-ray tube (CRT), which 
produces a pattern of light deflected back and forth on the surface of the CRT. The pattern of 
deflection of the electron beam is the same as the pattern of deflection of the spot of light on 
the CRT. The electron beam hits the sample, producing secondary  and backscattered 
electrons from the sample. These electrons are collected by a secondary detector or a 
backscatter detector, converted to a voltage, and amplified. The amplified voltage is applied 
to the grid of the CRT and causes the intensity of the spot of light to change. The image 
consists of thousands of spots of varying intensity on the face of a CRT that correspond to the 
topography of the sample. The intensity of the image (brightness) is determined by the 
number of secondary particles that hit the cathode-ray tube, which is dependent upon the 
angle the electrons bounce off the specimen. Thus, the image of the specimen depends on the 
topography of the specimen. 
Scanning electron microscopy (SEM) analyses were performed on a Gemini microscope 
(Zeiss, Germany) at an accelerating voltage of 4 kV. Samples were prepared by drying few 
drops of the samples on aluminium support at room temperature, and subsequently, coated 
with a thin Au/Pd layer to increase the contrast and quality of the images. Transmission 
electron microscopy (TEM) images were recorded on a Zeiss Omega 912 microscope at 
160kV. Prior to analysis, the samples were prepared via drying a drop of aqueous dispersion 
on a carbon coated copper grid. Organic-inorganic nanocomposite films were sliced into 50-
100 nm thick slices by ultramicrotoming before analysis. 
2.2 Dynamic Light Scattering  
Dynamic light scattering (DLS), also known as quasi elastic light scattering (Quels) and 
photon correlation spectroscopy (PCS), is a well established technique for measuring particle 
size over the size range from a few nanometres to a few microns. The concept uses the idea 
that small particles in a suspension move in a random pattern. A microbiologist by the name 
of Brown first discovered this effect while observing objects thought to be living organisms, 
by light microscopy. Later on it was determined that the "organisms" were actually particles, 
but the term has endured. The movement of small particles in a resting fluid is termed 
"Brownian Motion". Observation of larger particles compared to smaller particles will show 
that the larger particles move more slowly than the smaller ones if the temperature is the 
same. According to Einstein's developments in his Kinetic Molecular Theory (applied to 
heat), molecules that are much smaller than the particles can impart a change to the direction 
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of the particle and its velocity. Thus water molecules (0.00033 µ) can move polystyrene 
particles as large as a couple of microns. The combination of these effects is observed as 
vibrations and an overall movement of the particle.  
When a laser light of a known frequency is directed at the moving particles, the light is 
scattered, but at a different frequency. The change in the frequency is quite similar to the 
change in frequency or pitch one hears when an ambulance with its wailing siren approaches 
and finally passes. The shift is termed a Doppler shift or broadening, and the concept is the 
same for light when it interacts with small moving particles. For the purpose of particle size 
measurement, the shift in light frequency is related to the size of the particles causing the 
shift. Due to their higher average velocity, smaller particles cause a greater shift in the light 
frequency than larger particles. It is this difference in the frequency of the scattered light 
among particles of different sizes that is used to determine the sizes of the particles present 
[Chu91, Sch90]. 
A modern DLS instrument uses a compact laser diode and high-end fibre optics, so 
called single mode fibre optic to measure the particle size as shown in Figure 2.2.1. Light 
scattering intensity fluctuations detected in a small volume and in the microsecond time range 
are related to the Brownian motion of the particles due to density fluctuations, caused by 
incidental agglomeration of molecules and variation in the number of molecules in the 
scattering volume [Chu91, Sch90]. The diffusion coefficient of the solute can be measured by 
means of an autocorrelation function )(2 tg .  
                           ttt IItg += ''2 .)( ........................................... (2.2.1) 
Here It' is the number of photons arriving at the detector at the time interval t’, t is the 
delay time and the brackets  denote an average over typically 106–108 correlations. The 
correlation function is calculated by multiplying the number of photons from two successive 
time intervals and storing the results in the first instrumental channel. At the lowest and upper 
most limits, it can be shown expressed as follows: 
                                   
2
'20
)(lim t
t
Itg =
→
 ........................................... (2.2.2) 
and  
                               
2
'2 )(lim t
t
Itg =
∞→
 ........................................... (2.2.3) 
Because correlation is maximal for close instants and does not exist for very distant instants. 
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Figure 2.2.1: Schematic diagram of a dynamic light scattering instrument.2 
For small monodisperse particles and homogeneous spheres the normalized scattered 
electromagnetic field autocorrelation function can be given as follows: 
tetg Γ−=)(1   ........................................... (2.2.4) 
with 
2q
D
=Γ
   ........................................... (2.2.5) 
and 
2
sin4 0 θλ
piη
=q
 ........................................... (2.2.6) 
Here Γ  is reciprocal of the characteristic decay time (
Γ
=
1
τ ), D is the diffusion 
coefficient, q is the norm of the scattering vector, 0η  is the refraction index, λ is the 
wavelength and θ is the angle of incidence. The term )(1 tg  is related to the intensity 
correlation function by the Siegert relation: 
2
'
2
1
2
2 )(..)(
'
tItgbItg t +=  ........................................... (2.2.7) 
Here b is an instrumental constant that reflects the deviations from ideal correlation. The 
fluctuations of the intensity of the scattered light depend on the diffusion coefficient and 
therefore on the particle size and shape. From the parameter Γ the diffusion coefficient can 
                                                 
2
 This image was adopted from http://www.chemie.de/articles/e/61632/ 
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be calculated, and hence, by applying the Stokes-Einstein equation the hydrodynamic radius 
can be evaluated: 
D
kTRh piη6
=
  ........................................... (2.2.8) 
Here k is Boltzmann constant, T is temperature and η is solvent viscosity. In colloid 
chemistry a polydisperse system is more common. In this case, )(1 tg has to be integrated over 
all the possible sizes: 
∫
∞ Γ− ΓΓ=
01
)()( deGtg t
 ........................................... (2.2.9) 
Here )(ΓG  is a cumulate distribution function and can be evaluated by inverse Laplace 
transform techniques. In order to calculate the hydrodynamic radius, a so-called z-average 
diffusion coefficient has to be calculated. 
∑
∑
==
i
ii
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iii
z Mm
DMm
DD  ........................................... (2.2.10) 
Here im , iM and iD represent the total mass, molecular weight, and diffusion coefficient 
of i th particle, respectively. 
Particle size measurements have been carried out on a Zetasizer 2000, Malvern 
Instruments. A diluted aqueous dispersion of particles is taken in a well cleaned DLS cuvette, 
which is subsequently placed in analyser. The average value of at least 3 measurements has 
been taken as the hydrodynamic radius of colloidal particles at a given temperature. 
2.3 Photoelectron Spectroscopy  
Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive analysis of the 
emitted photoelectrons to study the composition and electronic state of the surface region of a 
sample [Bri77]. Traditionally, when the technique is used for surface studies it can be 
subdivided according to the source of exciting radiation into:  
a) X-Ray photoelectron spectroscopy, which uses soft X-rays ranging from 200 to 2000 
eV energies to examine core levels. 
b) Ultraviolet photoelectron spectroscopy using vacuum UV ranging from 10 to 45 eV 
radiations to examine the valence levels. 
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Figure 2.3.1 shows schematic diagram of XPS instrumentation. The basic requirements 
for a photoemission experiment (XPS or UPS) include a source of fixed-energy radiation (an 
x-ray source for XPS or, typically, a He discharge lamp for UPS), an electron energy analyser 
(which can disperse the emitted electrons according to their kinetic energy, and thereby 
measure the flux of emitted electrons of a particular energy) and a high vacuum environment 
to enable the emitted photoelectrons to be analysed without interference from gas phase 
collisions. There are many different designs of electron energy analyser but the preferred 
option for photoemission experiments is a concentric hemispherical analyser (CHA) which 
uses an electric field between two hemispherical surfaces to disperse the electrons according 
to their kinetic energy. 
 
Figure 2.3.1: Schematic diagram of x-ray photoelectron spectroscopy instrumentation.3 
Photoelectron spectroscopy is based upon a single photon in/electron out process which 
is a much simpler phenomenon than the Auger process, in which, an excited ion is decayed 
into a doubly charged ion by ejection of an electron (Auger electron). The energy of a photon 
is given by the Einstein relation [Ein05]:  
E = h υ ...........................................( 2.3.1)     
Here h is a Planck’s constant (6.62 x 10-34 J s) and υ is frequency of radiations. 
Photoelectron spectroscopy uses monochromatic sources of radiation (i.e. photons of fixed 
                                                 
3
 This image was taken from http://www.chem.qmul.ac.uk/surfaces/scc/scat5_3.htm 
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energy). In XPS the photon is absorbed by an atom in a molecule or solid, leading to 
ionization and the emission of a core (inner shell) electron. By contrast, in UPS the photon 
interacts with valence levels of the molecule or solid, leading to ionisation by removal of one 
of these valence electrons. The kinetic energy distribution of the emitted photoelectrons (i.e. 
the number of emitted photoelectrons as a function of their kinetic energy) can be measured 
using any appropriate electron energy analyser and a photoelectron spectrum can thus be 
recorded.  
The process of photoionization can be considered in several ways: one way is to look at 
the overall process as follows:  
A + h υ = A+ + e-   ...........................................( 2.3.2) 
Conservation of energy then requires that:  
E(A) + h υ = E(A+ ) + E(e-) ...........................................( 2.3.3) 
Since the electron's energy is present solely as kinetic energy (KE), therefore it can be 
rearranged to give the following expression for the KE of the photoelectron:  
KE = h υ – [E(A+ ) - E(A)]  ...........................................( 2.3.4) 
The final term in brackets, representing the difference in energy between the ionized and 
neutral atoms is generally called as the binding energy (BE) of an electron. It leads to the 
following commonly quoted equation:  
KE = h υ – BE   .......................................... (2.3.5) 
For each and every element, there is a characteristic binding energy associated with each 
core atomic orbital. Thus each element will give rise to a characteristic set of peaks in the 
photoelectron spectrum at kinetic energies determined by the photon energy and the 
respective binding energies. The presence of peaks at particular energies therefore indicates 
the presence of a specific element in the sample under study. In addition, the intensity of the 
peaks is related to the concentration of the element within the sampled region. Thus, the 
technique provides a quantitative analysis of the surface composition and is sometimes 
known by the alternative acronym, ESCA (Electron Spectroscopy for Chemical Analysis).  
The exact binding energy of an electron depends on not only the level from which 
photoemission is occurring, but also the formal oxidation state of the atom and the local 
chemical and physical environment. Changes in these parameters lead to small shifts in the 
peak positions in the spectrum, which are called as chemical shifts. Such shifts are readily 
observable and interpretable in XP spectra. Atoms of a higher positive oxidation state exhibit 
a higher binding energy due to the extra coulombic interaction between the photo-emitted 
electron and the ion core. This ability to discriminate between different oxidation states and 
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chemical environments is one of the major strengths of the XPS technique. However, this 
technique involves ejection of the surface electrons only and can be used with the depth 
sensitivity of 3 nm to 10 nm.  
XPS spectra have been recorded using AXIS ULTRA (Kratos Analytical, England) 
spectrometer. Mono-Al Kα1, 2 has been used as X-Ray-source with the power of 300 W at 20 
mA.  Survey spectra and high-resolved spectra have been recorded at the pass energy of 160 
eV and 20 eV, respectively. To determine the elemental ratios normalized peak areas (SN) 
have been calculated from peak areas of survey spectra according to the following equation:  
 
[ ]
[ ][ ]TFRSF
RawAreaS N =  ........................................... (2.3.6) 
Here RSF and TF indicate the respecting sensitivity factor and spectrometer’s 
transmission function, respectively.  
2.4 X-ray Scattering 
Electromagnetic radiation can be used to obtain information about materials whose 
dimensions are on the same order as the radiation wavelength. Around the turn of the 20th 
century, Wilhelm Conrad Röntgen discovered radiation with wavelength much smaller than 
that of visible light and named this high-energy radiation “x-rays” because of their unknown 
nature. Soon after this discovery, von Laue and his associates discovered that crystals scatter 
x-rays in distinct patterns. It was quickly recognized that these patterns give direct insight 
into the structure of the materials that caused the scattering. Since these early discoveries, 
many technical advances made x-ray scattering one of the most powerful characterization 
tools available for both homogeneous and heterogeneous materials. Today, scattering from x-
rays, neutrons and light is used by scientists in many different disciplines to study a vast 
range of materials ranging from polymers to proteins. The principles of scattering by light, x-
rays, and neutrons are the same, being related to the interactions of radiation with matter. For 
x-rays and light, the electromagnetic radiation differs in the wavelength, with visible light in 
the 350-700 nm range and x-rays varying from ca. 0.01 to ca. 0.2 nm. Due to the fact that the 
scattering by light, x-rays, and neutrons depends on the differences in the refractive index (or 
dielectric constant), electron density, and scattering length (a nuclear property), respectively, 
the data treatment can be different.  
Bragg’s Law: When x-ray photons collide with electrons in atoms, some photons from 
the incident beam will be deflected away from the direction where they original travel, much 
like billiard balls bouncing off one another. If the wavelength of these scattered x-rays do not 
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change (meaning that x-ray photons retain the same energy), the process is called elastic 
scattering (Thompson Scattering). On the other hand, in the inelastic scattering process 
(Compton Scattering), x-rays transfer some of their energy to the electrons and the scattered 
x-rays will have different wavelength than the incident x-rays.  
 
 
 
 
 
Figure 2.4.1: (a) x-ray beam interacting with the atoms arranged in periodic manner and (b) 
lattice planes made of different sets of atoms. 
Diffracted waves from different atoms can interfere with each other and the resultant 
intensity distribution is strongly modulated by this interaction. If the atoms are arranged in a 
periodic fashion, as in crystals, the diffracted waves will consist of sharp interference maxima 
(peaks) with the same symmetry as in the distribution of atoms. Measuring the diffraction 
pattern therefore allows us to deduce the distribution of atoms in a material. The peaks in an 
x-ray diffraction pattern are directly related to the atomic distances. Figure 2.4.1a illustrates 
an incident x-ray beam interacting with the atoms arranged in a periodic manner in two 
dimensions. The atoms, represented as green spheres, can be viewed as forming different sets 
of planes in the crystal (colored lines in Figure 2.4.1b). For a given set of lattice plane with 
an inter-plane distance of d, the condition for a diffraction (peak) to occur can be simply 
written as shown in Equation (2.4.1): 
2dsinΘ = n λ   ........................................... (2.4.1) 
This is known as the Bragg’s law. In the equation, λ is the wavelength of the x-ray,  Θ is 
the scattering angle, and n an integer representing the order of the diffraction peak. The 
Bragg's Law is one of most important laws used for interpreting x-ray diffraction data. It is 
important to point out that although here atoms have been illustrated as scattering points, 
Bragg's Law applies to scattering centers consisting of any periodic distribution of electron 
density. In other words, the law holds true if the atoms are replaced by molecules or 
collections of molecules, such as colloids, polymers, proteins and virus particles. 
 
 
 
(a) 
(b) 
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Scattering patterns are caused by the interference of secondary waves that are emitted 
from various structures (electrons for x-rays and light, or nuclei for neutrons), when 
irradiated. Figure 2.4.2 illustrates an experimental set up for an x-ray scattering 
measurements. The sample is being irradiated with a well-collimated beam of x-rays and the 
resulting intensity is measured as a function of angle between the incoming and scattered 
beams to determine the structure that caused the observed pattern. The arrangement of atoms 
in materials can be determined by two different x-ray scattering techniques, Wide Angle x-
ray Scattering (WAXS) and Small Angle x-ray scattering (SAXS). The analysis of the 
WAXS diffraction patterns provides the information about the atomic distribution in the 
length scale of 1 to 0.1 nm. SAXS is very useful for particles up to a diameter of about 100 
nm and allows the determination of the shape, size and spatial arrangement (ordering) of the 
colloids and polymer particles. The thickness of lamellar structures in a polymer is larger 
than the spacing between atoms in a crystal and therefore the scattering angle in lamellar 
phases should be smaller, according to the Equation 2.4.1. Hence the structure of the 
lamellae is determined by SAXS, and the crystalline part is studied by WAXS. Light 
scattering is also used similarly but for much larger structures like the phases in blends of 
elastomers or particle size distributions.  
 
 
 
 
 
 
 
  
Figure 2.4.2: Schematic presentation of x-ray scattering measurement. 
Unlike an electron micrograph, x-ray scattering patterns do not give morphological 
information directly. The result of an x-ray scattering experiment is essentially the square of 
the amplitude of the Fourier transform of the electron density and must be interpreted in order 
to determine morphology. One fundamental problem with any scattering experiment is that 
two different morphologies can, in theory, give identical scattering patterns. Generally, one 
cannot reconstruct the exact microstructure uniquely from a SAXS pattern because in a 
scattering experiment only the scattered radiation intensity can be measured and all phase 
x-ray  
source 
Pinholes and/or lenses to Focus 
beam 
Sample 
Detector 
2Θ  
ANALYTICAL TOOLS                                                                                                              21 
 
information is lost. Therefore, one cannot be absolutely sure that a scattering pattern is due to 
a particular morphology. However, if a particular model is shown to fit the scattering pattern, 
then the model is assumed to be a correct description of the morphology. Nevertheless, many 
different approaches exist to extract morphological information from a SAXS pattern. 
X-ray diffraction spectra have been taken by analysing the powder samples on a HZG 
4/A-2 (Seifert FPM) x-ray diffractometer using Cu Kα monochromatic beam (1.54 Å). 
Powder samples have been analysed in a glass capillary at room temperature. 
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Chapter 3: Preparation of Organic-Inorganic Hybrid 
Particles 
3.1 Introduction 
Fabrication of colloidal materials with desired structural, optical, and surface properties 
has been the subject of intense investigations [Mat96, Hof94, Par97]. Facile and flexible 
strategies that can afford fine control over the synthesis and modification of particles are of 
paramount importance in building new classes of colloidal materials [Car01]. Recently, there 
has been immense interest surrounding the fabrication of organic-inorganic hybrid particles 
which are often comprised of a solid core surrounded by a well-defined shell layer. 
Preparation of colloidal particles with fascinating morphologies not only offers a potential of 
creating the new materials with unusual combination of optical, mechanical, physical and 
chemical properties which are difficult to attain separately from the individual components 
but also offers the flexibility of producing the colloidal particles with tailored properties via 
coating the solid core with a shell of desired material. These properties turn the hybrid 
particles suitable for a wide range of applications such as surface-enhanced Raman scattering 
(SERS) [Che04], catalysis [Che99], biochemistry [Sii00], nonlinear optics, bioanalysis and 
capsules for controlled release of therapeutic agents [Lu03].  
So far, a number of approaches have been employed for the fabrication of these 
nanostructured materials. One protocol involves direct precipitation of the desired coating 
material onto the template surface. For example, Hanprasopwattana et al [Han96] reported 
the coating of submicrometer sized silica particles with a titania layer via the hydrolysis of 
titanium alkoxide precursor. A different approach involves surface reactions utilizing specific 
functional groups on the surface of templates to direct the coating process. [Che99, Liz96]. 
Akashi and co-workers described coating of poly (N-isopropylacrylamide) functionalized 
polystyrene (PS) microspheres with platinum nanoparticles. [Che99]. Similarly, Liz-Marzan 
et al [Liz96] reported the coating of gold colloids with silica shell exploiting a silane coupling 
agent (3-aminopropyl)-trimethoxysilane. Alternatively, deposition of the preformed inorganic 
particles on the template surfaces has also been reported to achieve hybrid particles [Kel95, 
Por90]. Apart from direct coating, polyelectrolytes have also been used to facilitate the 
deposition of nanoparticles on polystyrene beads. For example, Caruso et al [Car01a, Car99] 
described the deposition of magnetic and silica nanoparticles on polystyrene micro spheres 
through a layer-by layer (LBL) deposition method using polyelectrolytes as controlling 
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media. Similarly, Valtchev [Val02] reported the adsorption of a zeolite layer on polystyrene 
beads by the combination of LBL and hydrothermal synthesis methods. Sonochemistry has 
also been exploited by some research groups as an alternative mean for the fabrication of 
coated particles [Zho99]. The process involves flow of the ultrasonic waves through the 
reaction media to affect the nucleation and growth of the nanoparticles. For example Dhas et 
al [Dha99] reported the fabrication of ZnS coated silica particles by irradiating the slurry of 
silica, zinc acetate and thioacetamide with ultrasonic waves at room temperature. Recently, 
Pich et al [Pic05] reported the fabrication of ZnS coated polystyrene beads exploiting this 
approach, as well. 
 In most of the studies reported on the fabrication of organic-inorganic hybrid particles, 
PS beads have been employed as an effective template, because of their simple preparation, 
ease in fuctionalisation of their surfaces and flexibility in the variation of size. For example, 
Tissot et al [Tis01, Tis02] reported the deposition of silica layer on PS latex particles, using a 
silane coupling agent in order to compatibilize core and shell materials. Chen et al [Che05] 
and Zhong et al [Zho00] have successfully coated PS beads with inorganic shells, composed 
of silica and titanium, respectively. Sherman et al [She05] described the coating of cadmium 
sulfide and cadmium selenide/cadmium sulfide core-shell particles on the polystyrene core, 
using electrostatic interactions between the core and shell. Other inorganic coatings 
performed on the PS colloidal particles employing the above mentioned approaches include 
TiO2 [Wan02], Fe3O4 [Hua05], ZnS [Pic05], zeolites [Val02] and so on. The fabrication of PS 
colloidal particles coated with ZnO and In(OH)3 nanoparticles has never been reported.  
 This Chapter is focused on the preparation of PS-ZnO and PS-In(OH)3 hybrid particles 
with effective control over their structural parameters such as morphology, size, shell 
thickness and inorganic content etc. Among all semiconductors, ZnO is a technologically 
important material exhibiting quantum confinement effects in experimentally accessible size-
range. Typical applications of ZnO include sensors, UV light-emitting devices, solar cells, 
transducers etc. Indium hydroxide (In(OH)3) is another member of the semiconductor family 
which has been intensively studied due to size, shape and morphology dependent exceptional 
physical and chemical properties [Avi00, Ish98, Oni02]. It has already gained great attention 
because of its outstanding properties such as wide band gap (∼5.15 eV) [Ish98], electrical 
conductivity (10-7-10-3 S/cm2) [Oni02] and photocatalytic/catalytic activities [Par02, Hör99, 
Gae94], and hence, is being widely used in a broad spectrum of fascinating fields including 
the fabrication of  nanoscale optoelectronic devices, photonic crystals, solar cells, optical 
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sensitizers, UV detectors, as industrial photocatalyst and additive of alkaline batteries 
[Duq04, Jin02, Lei06]. Owing to the excellent and intriguing properties of ZnO/In(OH)3 
nanoparticles, the present study is focused on the preparation of hybrid particles based on the 
PS spheres and ZnO or In(OH)3 nanoparticles. It is of particular interest to investigate and 
optimize the synthesis conditions so that hybrid particles with “core-shell” and “raspberry-
like” morphologies could be produced. Additionally, it was aimed to achieve the flexibility 
on size variation, inorganic content as well as shell thickness (in case of core-shell particles) 
of hybrid particles. It is well known that controlling the morphological and structural 
properties of materials during synthesis is of great importance, as these structural 
characteristics strongly influence their purpose and performance. Only few studies have been 
reported on the fabrication of the organic-inorganic hybrid particles with controlled 
morphology as investigation of the reaction parameters, responsible for the deposition of the 
inorganic nanoparticles on an organic core in a tailored fashion is far from straightforward. 
Owing to the nanoscale dimension and effective control over structural parameters, 
fabricated nanostructured materials can be used in a variety of applications.  For example, 
core-shell hybrid particles are well suited as the building blocks for the fabrication of 
optoelectronic devices including sensors, detectors, and photonic crystals. In addition, these 
nanostructured materials can serve as a better photocatalyst as compared to the bulk material, 
offering a substantially higher surface area to the reactants because of the stabilization and 
fine dispersion of nanoparticles on the polymeric core [Pra04]. On the other hand, PS 
colloidal particles decorated with ZnO or In(OH)3 nanoparticles in raspberry-like fashion 
may be expected to have applications as the substrates for surface-enhanced Raman 
scattering, functional fine particles, super hydrophobic materials, absorption/separation 
supporting material as well as heterogeneous catalysts [Car01]. In addition, particles with 
“raspberry-like” morphology can find their application as carrier of inorganic nanoparticles, 
into suitable the polymer matrices to obtain nanocomposite materials with a better dispersion 
of filler particles. Moreover, annealing a film of such “raspberry-like” particles on a substrate 
like glass or quartz at suitable temperature (110°C) can result in the formation of nano-
composite film with a good distribution of ZnO/In(OH)3 nanoparticles in polystyrene matrix. 
A significant amount of work has already been done on the film formation using latex 
particles [Juh95, Ugu05]. 
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3.2 Polystyrene-Zinc Oxide (PS-ZnO) Hybrid Particles 
3.2.1 Experimental 
Materials: Styrene (ST) (Fluka) and acetoacetoxyethyl methacrylate (AAEM) (97%) 
(Aldrich) were passed through the inhibitor removal column and then vacuum distilled under 
nitrogen. Sodium peroxydisulfate (SPDS) (97%), zinc acetate dihydrate (Zn(Ac)2.2H2O) 
(99%), 2-propanol (99.5%) and ethanol (99%) were all purchased from Aldrich and have 
been used without additional purification. DMSO (Dimethylsulphoxide) and NaOH (98%) 
were obtained from Fluka and used as received. Distilled water was employed as the 
polymerisation medium. 
Synthesis of polystyrene particles: Functionalised polystyrene particles with three 
different sizes (PS-A: 650 nm, PS-B: 540 nm and PS-C: 300 nm) were prepared by surfactant 
free emulsion polymerisation. A double-wall glass reactor equipped with a mechanical stirrer 
and a reflux condenser was purged with nitrogen. Water (170g) and appropriate amounts of 
ST and AAEM (see Table 3.2.1) were added into reactor and reaction mixture was stirred for 
10 minutes at room temperature. Subsequently the temperature was raised to 70 °C and an 
aqueous solution of SPDS initiator (0.3 g in 10 g water) was added into the reaction mixture 
to initiate the polymerisation process and the reaction was allowed to proceed for another 24 
hrs at 70°C. Finally, the polystyrene latex particles were obtained as a stable dispersion in 
water with ca. 10 % solid content.  
Table 3.2.1 Reactants used for the synthesis of polystyrene beads. 
Sample ST 
[g] 
AAEM 
[wt % of 
ST] 
SPDS 
[g] 
Water 
[g] 
Solid 
Content 
[%] 
Size of 
PS beads 
(nm) 
A 20 1 0.3 180 9.9 650 
B 19 5 0.3 180 10.2 540 
C 18 10 0.3 180 9.5 300 
 
Synthesis of PS-ZnO hybrid particles: A given amount of Zn(Ac)2.2H2O salt (from 
reaction set 1 in Table 3.2.2) was added into 80 ml of 2-propanol and resulting mixture was 
stirred vigorously at 20°C for 10 min. The reaction temperature was increased to 55 ºC and 
the solution was stirred for another 1 hour to dissolve the Zn(Ac)2.2H2O salt in 2-propanol. 
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Subsequently, 5 g aqueous dispersion of polystyrene latex particles (with 10% solid content) 
prepared as above, was added into the reaction mixture followed by vigorous stirring for 20 
minutes. Reaction mixture was cooled to 20°C and 2 ml aq. NaOH solution of a set 
concentration (shown in reaction set 2 from Table 3.2.2) was added into it drop wise. After 
stirring for another 20 min at a given temperature (shown in reactions set 3 from Table 
3.2.2), the resulting solution was cooled to 20°C and the solvent was removed by rotary 
evaporation at 55 ºC. The obtained PS-ZnO hybrid particles were washed 3 times with 
distilled water via centrifugation and dried in a vacuum oven at 20°C.  
Table 3.2.2: Variation in reaction parameters during the synthesis of PS-ZnO hybrid 
particles. 
Reaction 
Set 
Temp 
(°C) 
NaOH 
Conc. (M) 
Zn(Ac)2 .2H2O 
Conc. (mM) 
1
 
55 0.2 0.5;  1; 1.5; 2 
2 55 0.2; 0.5; 1; 1 
3 40; 55; 70 1 1 
3.2.2 Results and Discussion 
3.2.2.1 Polystyrene template particles: Polystyrene (PS) beads functionalized with β-
diketone groups on their surfaces have been prepared by a surfactant-free copolymerisation of 
styrene (ST) and acetoacetoxyethyl methacrylate (AAEM) [Pic05a]. Due to its hydrophilic 
character, AAEM predominantly locates on the surface of emulsion droplets during the 
copolymerization process and thus not only functionalize the resulting PS beads with ß-
diketone groups but also stabilizes the obtained colloidal system. Figure 3.2.1 shows the 
SEM images of PS beads prepared at different AAEM contents indicating a gradual decrease 
in their diameter with an increase in AAEM content. In addition, these images reveal that 
particles are spherical in shape and homogenous in size in all three cases, and hence, can be 
used as templates for subsequent coating processes. In the present thesis, PS beads of average 
diameter of 540 nm have been used as the templates for the deposition of ZnO nanoparticles.  
3.2.2.2 Polystyrene-ZnO hybrid particles: PS-ZnO hybrid particles have been 
prepared by templating the ZnO nanoparticles against the ß-diketone functionalised 
polystyrene beads. For this purpose, ZnO nanoparticles have been in-situ synthesized 
exploiting the Hu et al [Hu05] method in the presence of polystyrene template particles. 
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According to the literature [Hu03, Hu05], the preparation of ZnO nanoparticles consists of 
three different steps: a) formation of positively charged complexes in reaction medium, 
which act as the precursor for ZnO nanoparticles, b) nucleation and growth processes of ZnO 
nanoparticles and c) coarsening of particles, if the reaction conditions are favourable. 
Therefore it seems reasonable that during the formation of hybrid particles, ZnO precursors 
(positively charged complexes), formed in reaction media, interact with β-diketone groups 
(which are present on the surface of polystyrene beads) and provoke the nucleation of the 
ZnO nanoparticles on the surface of PS beads. The ß-diketone functionalities are well known 
to be bound with metal ions species. For example, Powel et al [Pow01] reported that copper 
was successfully extracted from pulverized crystals utilizing ß-diketone functions of AAEM, 
co-polymerised with fluorinated acrylate. This nucleation process is followed by growth of 
formed nuclei until the super saturation state is achieved. In order to investigate the effect of 
various reaction parameters on the size, morphology and ZnO content of hybrid particles, 
samples have been synthesized following three different reaction sets as shown in Table 
3.2.2. 
 
Figure 3.2.1: SEM images of polystyrene template particles prepared by employing different 
concentrations of the AAEM co-monomer (a) 1 mol % (b) 5 mol % (c) 10 mol %. 
Effect of NaOH concentration: Since the employed concentration of NaOH solution 
has been reported to influence the nucleation and growth processes of ZnO nanoparticles to a 
great extent [Hu05], unavoidably it is also expected to affect the coating behaviour of ZnO 
nanoparticles on the polystyrene beads during the formation of hybrid particles. Figure 3.2.2 
shows the SEM images of the hybrid particles, prepared at different NaOH concentrations 
c 
500 nm 
b 
500 nm 
a 
500 nm 
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(from reaction set 2 in Table 3.2.2). These images demonstrate that lower NaOH 
concentrations (0.2M; 05M) are favourable for the preparation of PS-ZnO hybrid particles 
with core-shell morphology, whilst increasing the NaOH concentration to 1M results in the 
formation of raspberry-like hybrid particles with discrete distribution of relatively large 
agglomerates of ZnO nanoparticles on the surface of polystyrene beads.  
 
Figure 3.2.2: SEM images of PS-ZnO hybrid particles prepared by employing 1 mM 
Zn(Ac)2.2H2O and different NaOH concentrations: (a) 0.2 M, (b) 0.5 M, (c) 1 M at 55°C 
temperature. 
This change in morphology with increasing the NaOH concentration can be explained as 
follows: As reported by Hu et al [Hu03], an increase of NaOH concentration in the reaction 
mixture increases the rate of nucleation and growth of ZnO nanoparticles significantly. 
Consequently most of the ZnO precursors begin to nucleate in the reaction media, before 
establishing interactions with functionalised polymer surfaces. In other words, nucleation of 
ZnO particles on polymer beads (heterogeneous nucleation) is dominated by the one in 
reaction solution (homogenous nucleation). Thus, only a fraction of the active sites (ß-
diketone groups) available on the template surface is used during the ZnO nucleation. Once 
nucleation is established, the nanoparticles grow rapidly until the super saturation state is 
achieved, leading to a raspberry-like morphology of hybrid particles. Moreover, it has also 
been reported that increasing the NaOH concentration induces a coarsening effect of ZnO 
nanoparticles because of the increase in solubility of zinc species in the reaction media. 
Coarsening is a process which involves the growth of larger particles at the expense of 
smaller particles, which further dominates with increasing the hydroxyl ion concentration in 
500 nm 
b 
500 nm 
a 
500 nm 
c 
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reaction media. Therefore, at higher NaOH concentration (1M), one can expect the deposition 
of islands of relatively larger ZnO nanoparticles on the surface of templates leading to the 
raspberry-like morphology. In contrast, at lower NaOH concentrations (0.2M and 0.5M), a 
slow nucleation and growth processes of ZnO particles as well as a suppressed coarsening 
effect allow the formation of a continuous ZnO shell on the surface of polymeric core 
resulting into core-shell morphology. Since an increase in NaOH concentration in the 
reaction media accelerates the hydrolysis of Zn(Ac)2.2H2O salt, therefore deposition of an 
increased amount of ZnO nanoparticles on PS beads can be expected at higher NaOH 
concentrations. TGA results shown in Table 3.2.3 confirm this fact demonstrating the 
increase in ZnO content of hybrid particles with increasing the NaOH concentration (from 0.2 
M to 1 M) at the given Zn(Ac)2.2H2O concentrations. 
Table 3.2.3: Variation in ZnO content of PS-ZnO hybrid particles with employed 
concentration of Zn(Ac)2.2H2O salt and NaOH in reaction media. 
ZnO content (%) S.Nr. Zn(Ac)2 
.2H2O Conc. 
(mM) At 0.2M 
NaOH 
At 1M NaOH 
1 0.25 5.39 5.42 
2 0.5 5.55 9.62 
3
 
1 7.49 16.79 
4 1.5 9.20 17.34 
5 2 11 18.29 
 
Effect of reaction temperature: To investigate the effect of reaction temperature on the 
morphology of PS-ZnO hybrid particles, templating process has been carried out at three 
different temperatures (from reaction set 3 in Table 3.2.2). Figure 3.2.3 reveals that the 
morphology of hybrid particles changes from core-shell to raspberry-like with increasing the 
reaction temperature (from 40°C to 70°C). This can also be attributed to the acceleration of 
the nucleation and growth rates of ZnO particles at higher reaction temperatures (55°C and 
70°C) because of a decrease in their activation energies. In addition, as reported by Hu et al 
[Hu05], solubility of the zinc species in reaction media increases with increasing the reaction 
temperature, which in turn enhances the coarsening-effect of ZnO particles leading to the 
deposition of large aggregates on the template surface. 
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Figure 3.2.3: SEM images of PS-ZnO hybrid particles prepared by employing 1 mM 
Zn(Ac)2.2H2O and 1 M NaOH concentrations at different reaction temperatures: (a) 40°C, (b) 
55°C and (c) 70°C. 
 
Figure 3.2.4: SEM images of PS-ZnO hybrid particles prepared by employing 0.2 M NaOH 
and different Zn(Ac)2.2H2O concentrations: (a) 0.5 mM, (b) 1 mM, (c) 1.5 mM and (d) 2 mM 
at 55°C temperature. 
Effect of Zn(Ac)2.2H2O concentration: Figure 3.2.4 illustrates SEM images of hybrid 
particles prepared at different Zn(Ac)2.2H2O concentrations (from set 1 in Table 3.2.2). One 
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can observe that PS-ZnO hybrid particles exhibit typical core shell morphology in all cases. 
These results reveal that hybrid particles are spherical in shape and nearly uniform in size at 
lower Zn(Ac)2.2H2O concentrations (0.5mM and 1mM), suggesting the formation of a well 
defined ZnO layer on polymer beads. On the other hand, increasing the concentration to 1.5 
mM and 2 mM, leads to the deposition of a large amount of ZnO nanoparticles which results 
in deviation from the spherical shape of hybrid particles. It is speculated that the presence of 
the higher amount of Zn(Ac)2.2H2O salt in reaction mixture leads to the acceleration of 
hydrolysis rate, which in turn causes the fast and uncontrolled deposition of ZnO 
nanoparticles on the PS beads. 
TGA results shown in Table 3.2.3 illustrates variation in ZnO content for hybrid 
particles as a function of the employed concentration of Zn(Ac)2.2H2O salt at two different 
NaOH concentrations. These results reveal when the synthesis has been carried out at 0.2 M 
NaOH concentration, the ZnO content increases in linear fashion with the change in 
Zn(Ac)2.2H2O concentration from 0.5 to 2 mM, whereas for the synthesis at 1 M NaOH 
concentration, the ZnO content increases linearly up to only 1 mM concentration of 
Zn(Ac)2.2H2O  salt. Further increase in the zinc salt concentration causes only a slight 
increment in ZnO contents. As explained above, 0.2M NaOH concentration is favourable to 
induce heterogeneous precipitation of ZnO particles, therefore an increase in the 
Zn(Ac)2.2H2O amount at this NaOH concentration will result in a continuous increase in ZnO 
content of hybrid particles. On the other hand, at 1M NaOH concentration, homogeneous 
precipitation of ZnO particles comes into action to a great extent, an increase in the 
Zn(Ac)2.2H2O concentration above a certain value results in the insignificant change in 
deposited amount of ZnO nanoparticles.  
Figure 3.2.5 shows the XRD patterns of pure ZnO nanoparticles, prepared by the Hu et 
al [Hu05] method and PS-ZnO hybrid particles. In both cases, all the peaks can readily be 
indexed with hexagonally structured wurtzite structure of ZnO with the cell constants of a = 
0.324 nm and c = 0.519 nm, as reported in literature for bulk ZnO (JCPDS Card No. 36-
1451). These results confirm the purity and crystalline nature of ZnO nanoparticles deposited 
on the polymer core. Moreover, unlike to that of pure ZnO NPs, a noticeable background in 
XRD pattern of hybrid particles can be seen. It can be attributed to the amorphous scattering 
from the polystyrene templates of hybrid particles. In addition, the restricted/imperfect 
crystallization of ZnO NPs in the presence of polystyrene templates may also contribute to 
this amorphous scattering. Zhang et al [Zha04] also observed the similar type of hindering 
effect of the polystyrene template particles on the crystallization of TiO2 NPs.  
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Figure 3.2.5: XRD patterns of (a) pure ZnO nanoparticles and (b) PS-ZnO hybrid particles 
prepared by employing 1 mM Zn(Ac)2.2H2O and 1 M NaOH concentrations at 55°C 
temperature. 
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Figure 3.2.6: IR-spectra of PS template and PS-ZnO hybrid particles prepared by employing 
different Zn(Ac)2.2H2O and 0.2 M NaOH concentrations at 55°C.  
IR spectroscopy has been employed to confirm the interaction of ZnO nanoparticles with 
β-diketone groups, located on the surface of polystyrene beads. Figure 3.2.6 shows IR-
spectra of PS-ZnO samples prepared by using different Zn(Ac)2.2H2O concentrations at 0.2M 
NaOH. It can be observed that an increase in employed concentration of Zn(Ac)2.2H2O salt 
leads to the appearance of the C=O stretching band at 1584 cm-1 and the C-O stretching band 
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at 1396 cm-1. These bands can be associated with the acetate groups present on the ZnO 
particle surface. Similar observation was reported by Xiong et al [Xio01] for ZnO 
nanoparticles prepared from zinc acetate in ethanol. It can also be observed from Figure 
3.2.6 that the intensity of the peak at 1724 cm-1 gradually decreases with increasing the 
Zn(Ac)2.2H2O concentration in reaction media, which can be attributed to the more effective 
interaction of β-diketone functionality with increased amount of the deposited ZnO 
nanoparticles. 
 
Scheme 3.2.1: Schematic presentation of the synthesis of PS-ZnO hybrid particles with 
“raspberry-like” and “core-shell” morphology. 
A simplified process for the preparation of hybrid particles can be shown in Scheme 
3.2.1.  In the first step ZnO precursors interact with the β-diketone groups of polystyrene 
beads and are adsorbed on template surface. It has been reported in literature [Tok03, Bri89] 
that nucleation and growth processes of ZnO nanoparticles are preceded by the formation of 
positively charged complexes such as [ZnLh(OH2)N-h](2-h)+ (where L is an anionic ligand such 
as OH- or CH3COO- etc). The β-diketone groups bind effectively with these zinc ions and 
provoke the nucleation and subsequent growth of ZnO nanoparticles on the surface of 
polystyrene beads. Subsequently, these precursors are converted in ZnO nanoparticles, after 
reacting with NaOH. Depending on the reaction parameters, hybrid particles with core-shell 
or raspberry-like morphology are obtained. In order to perform the precipitation of ZnO layer 
on the surface of a template, either the ZnO precursor or the base (used as oxygen source in 
hydrolysis), should have good affinity with the active sites of template. Attachment of either 
species onto the template surface, leads to heterogeneous precipitation (i.e. precipitation on 
the surface of template) of ZnO nanoparticles. Moreover, it competes with the homogeneous 
precipitation (i.e. precipitation in solution), depending on the reaction parameters. In the 
present thesis, coating of polystyrene beads with ZnO nanoparticles has been attempted by 
Zn+2 NaOH 
PS 
(Raspberry) 
(Core-shell) 
PS/ZnO composite particles 
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capturing the ZnO precursors on the template. Xia et al [Xia03] reported the preparation of 
ZnO layer on silica spheres by capturing the base. They reported the preparation of 
silica/ZnO core-shell particles by carrying out the hydrolysis of Zn(Ac)2.2H2O salt with 
triethanolamine in the presence of silica spheres.  
3.3 Polystyrene-Indium Hydroxide [PS-In(OH)3] Hybrid Particles 
3.3.1 Experimental  
Materials: Indium(III)-isopropoxide [In(OC3H7)3] (5 % w/V in isopropanol) was 
purchased from Alfa Aesar (Germany) and used as received. Triethanolamine (TEA) (98 %), 
sodiumperoxydisulfate (SPDS) (97%) and 2-propanol (99.5 %) were obtained from Aldrich 
and used without additional purification. Ultrapure Millipore water was used as the solvent 
throughout.  
Synthesis of PS-In(OH)3 hybrid particles: Monodisperse and ß-diketone 
functionalized polystyrene particles with an average diameter of 540 nm were synthesized as 
described in Section 3.2.1. To prepare In(OH)3 coated PS particles, a controlled hydrolysis of 
In[OC3H7]3 salt has been carried out in the presence of functionalized PS beads at 30 °C in 
isopropanol. In three different reaction sets, 0.08 mM, 0.17 mM and 0.34 mM indium 
isopropoxide (0.5 ml, 1ml and 2 ml of the 5 % w/V dispersion of indium isopropoxide in 
isopropanol) were placed in three round bottom flasks and subsequently diluted with 7 ml of 
extra pure 2-propanol. In order to stabilize the indium isopropoxide, TEA (one mole per mole 
of indium isopropoxide) was added into the each reaction mixture and temperature was set to 
30 °C. After stirring for 10 minutes, 1 g of aqueous dispersion of latex particles containing 10 
wt % PS beads, mixed with 5 ml of isopropanol was added into each reaction media. After 
reacting for 24 hrs at 30°C, PS-In(OH)3 hybrid particles were cleaned by two 
centrifugation/re-dispersion cycles in each isopropanol and water, respectively. 
3.3.2 Results and Discussion 
Figure 3.3.1a shows SEM image of 540 nm sized ß-diketone functionalised PS beads, 
used as the template during coating process. Figure 3.3.1(b-d) illustrate SEM images of PS-
In(OH)3 hybrid particles prepared at different concentrations of [In(OC3H7)3] salt. One can 
observe that coated particles are monodisperse in size and spherical in shape similar to the 
neat PS beads. Figure 3.3.1b reveals presence of a complete, continuous and thick layer of 
In(OH)3 nanoparticles on the PS core, indicating a typical core shell morphology of hybrid 
particles. Moreover, they possess quite smooth surfaces even after the In(OH)3  coating. In 
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addition, one can observe that the particle diameter has increased from 540 nm (neat PS) to 
700 nm after the coating process, yielding an In(OH)3 shell of 80 nm thickness. Interestingly, 
when the employed concentration of In(OC3H7)3 salt is increased from 0.08 mM to 0.17 mM 
and 0.34 mM, the obtained PS-In(OH)3 hybrid particles were found to gradually shift from 
core-shell to the raspberry-like morphology.  
 
    
 
Figure 3.3.1: SEM images of (a) PS template particles and PS-In(OH)3 hybrid particles 
prepared at (b) 0.08 mM (3.54 wt % In2O3 content), (c) 0.17 mM (5.50 wt % In2O3 content) 
and (d) 0.34 mM  (8.11 wt % In2O3 content) concentrations of In(OC3H7)3 salt.  
Figure 3.3.1c and 3.3.1d illustrate SEM images of PS-In(OH)3 hybrid particles prepared 
at 0.17 mM and 0.34 mM In(OC3H7)3 concentrations, illustrating a rough and discontinuous 
corona of the In(OH)3 nanoparticles on the surface of PS beads. A closer look of these images 
further reveals that these particles are also as homogeneous in size and spherical in shape as 
neat PS beads. Moreover, raspberry-like particles prepared at 0.17 mM and 0.34 mM 
In(OC3H7)3 concentrations have 730 nm and 750 nm diameters, respectively, which are 
higher than that of the core-shell particles (700 nm). This could be attributed to an increase in 
deposited amount of In(OH)3 (which is converted into the In2O3 after heating at 435 °C) with 
increasing the employed concentration of indium salt in reaction media.  
Figure 3.3.2a and 3.3.2b illustrate TEM image of PS-In(OH)3 hybrid particles prepared 
at 0.08 mM and 0.34 mM In(OC3H7)3 concentrations. In agreement with SEM results, these 
images also confirm change in morphology and size of PS-In(OH)3 hybrid particles with an 
a b 
c d 
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increase in employed concentration of In(OC3H7)3 salt. Figure 3.3.2c shows a typical HR-
TEM image of In(OH)3 nanocrystals from the shell of PS-In(OH)3 hybrid particles prepared 
at 0.17 mM In(OC3H7)3 concentration. The lattice fringes from the In(OH)3 nanocrystal can 
be clearly observed in this micrograph. The distance between two adjacent lattice fringes has 
been found to be (4.1 ± 0.2) Ǻ which is within the measurement error consistent with the 
separation of 3.962 Ǻ of (200) planes of the body centered cubic crystalline phase of 
In(OH)3. In addition, Fast Fourier Transform (FFT) pattern (shown in Figure 3.3.2d), 
indicates the diffraction patterns attributable to a crystalline phase of In(OH)3 nanoparticles. 
Apparently, reflections from (200), (220), (222) (400) and (420) lattice planes can clearly be 
observed. 
 
 
Figure 3.3.2: TEM images of PS-In(OH)3 hybrid particles prepared at (a) 0.08 mM (3.54 
wt% In2O3 content) and  (b) 0.34 mM  (8.11 wt% In2O3 content) In(OC3H7)3 concentration. 
(c) HR-TEM image and (d) Fast Fourier Transform (FFT)  pattern of In(OH)3 nanoparticles 
deposited on the surface of PS core of the PS-In(OH)3 hybrid particles prepared at 0.17 mM 
In(OC3H7)3 concentration. 
It is well known that preparation of metal hydroxide nanoparticles from metal alkoxides 
i.e. M(OR)x involves replacement of the alkoxide groups (-OR) through the nucleophilic 
attack of the oxygen atom of a water molecule accompanied by the release of alcohol. 
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Scheme 3.3.1 shows chemical reactions involved in the hydrolysis of In(OC3H7)3 salt in 
aqueous media. Due to the polarity of ß-diketone groups, it is possible to develop physical 
interactions with In(OH)3 precursors, thus directing the nanoparticles to be deposited on the 
surface of PS beads. It is well known that ß-diketone compounds are good chelating agent, 
and hence, have been used for the synthesis of metal oxide nanoparticles in past, owing to 
their strong affinity to form complexes with metal oxide precursors [Nie06].  
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Scheme 3.3.1: Reaction scheme for the hydrolysis of In(OC3H7)3 salt. 
The schematic presentation of the mechanism involved in the formation of PS-In(OH)3 
hybrid particles is shown in Scheme 3.3.2. It illustrates a PS bead surrounded by the In(OH)3 
precursors in reaction media. A cross section on the surface of PS bead reveals a grey colored 
core enriched with PS chains and a thin shell of black colored AAEM polymer chains. As 
mentioned earlier, this AAEM co-monomer provides the ß-diketone functionality to the 
particle surface to interact with hydroxyl groups of In(OH)3 precursors. In addition, Scheme 
3.3.2 shows that PS-In(OH)3 hybrid particles prepared at lower concentration of In(OC3H7)3 
salt (0.08 mM) exhibit the core-shell morphology. On the contrary, an increase in indium salt 
to 0.17 mM and 0.34 mM leads to the preparation of raspberry-like hybrid particles. This 
manipulation in morphology of the resulting PS-In(OH)3 particles can be attributed to the 
variation in the rate of hydrolysis with the alteration of  employed In(OC3H7)3 salt 
concentration in reaction media. It is well known that hydrolysis rate of metal alkoxides is 
governed by a variety of reaction parameters such as temperature, pH and nature of metal 
alkoxides etc. Nevertheless, the main parameter that affects the course of hydrolysis reaction 
is the molar ratio of reactants (i.e. the metal alkoxide to water ratio) [Tur02]. This ratio 
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determines the composition and the properties of the resulting metal hydroxides and oxides 
nanoparticles and thus allows them to be obtained in different forms of powders, films, 
glasses, and fibers. 
It is generally accepted that the preparation of metal oxide nanoparticles consists of two 
stages namely nucleation and growth processes [Tur02]. All reaction parameters, which 
affect the rate of these two processes, greatly influence the morphology of resulting 
nanoparticles. For example, Yang et al [Yan06a] reported that increasing the pH of reaction 
media during the preparation of In(OH)3 nanoparticles hydrothermal process, leads to change 
in morphology of resulting nanoparticles due to the acceleration in nucleation and growth 
processes. 
 
Scheme 3.3.2: Schematic presentation of the preparation of PS-In(OH)3 hybrid particles with 
tailored morphology. 
In the initial induction stage, solutes are formed to yield a supersaturated solution, 
leading to nucleation of nanoparticles. A controlled hydrolysis rate at lower In(OC3H7)3 salt 
concentration leads possibly to slow nucleation of the In(OH)3 nanoparticles which 
preferentially takes place on the template surface due to the physical interaction between ß-
diketone groups and nanoparticles precursors (as shown in Scheme 3.3.2). Subsequently, a 
controlled growth process of nuclei results into the formation of a well defined, complete and 
smooth In(OH)3 shell on template surface. In contrast, a fast and uncontrolled hydrolysis at 
higher In(OC3H7)3 salt concentrations accelerates the nucleation process leading to the 
generation of a large number of nuclei in reaction media. When all the produced nuclei are 
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not consumed by the template surface, they try to agglomerate with each other in reaction 
media. The impetus for the aggregation of these nuclei is to minimise the surface energy. In 
such conditions, heterogeneous precipitation (on template surface) of nanoparticles is 
dominated by homogeneous one (in reaction media). Once nucleation is established on the 
template surface, nuclei grow rapidly at the expense of nanoparticles nucleated in the 
solution. The growth of nuclei tales place in the same direction (oriented attachment) 
simultaneously to form rod like structures as reported by Yang et al [Yan06a], rendering a 
raspberry-like morphology of hybrid particles.  
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Figure 3.3.3: IR spectra of PS template particles and PS-In(OH)3 hybrid particles prepared 
at different concentrations of In(OC3H7)3 salt. 
In order to confirm the interaction of In(OH)3 nanoparticles with ß-diketone groups, 
located on template surface, samples have been analysed by IR spectroscopy. Figure 3.3.3 
shows IR spectra of PS beads before and after the coating of In(OH)3 nanoparticles. A closer 
look of these spectra reveal that intensity of the peak at 1724 cm-1, which is responsible for 
the ß-diketone functionality of the PS beads, gradually decreases with increasing the 
deposited amount of In(OH)3 nanoparticles on PS core. It can be ascribed to the effective 
interaction of ß-diketone groups with the increased amount of In(OH)3 nanoparticles. This 
fact further supports the above described mechanism for the preparation of these hybrid 
particles. Similar results have been observed during the deposition of ZnO nanoparticles on 
ß-diketone functionalized PS core as discussed in Section 3.2.2 of this Chapter. 
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X-ray photoelectron spectroscopy was employed to further investigate the driving force 
for the deposition of In(OH)3 nanoparticles on the PS beads and results are shown in 
Appendix 1. In agreement with IR data, XPS results also revealed a physical interaction 
between ß-diketone groups of PS core and deposited In(OH)3 nanoparticles. Appendix 1a 
and 1b show survey spectra of PS beads before and after the deposition of In(OH)3 
nanoparticles, respectively. Appearance of “In” peaks at characteristic binding energies in the 
survey spectra of PS-In(OH)3 hybrid particles confirms the presence of In(OH)3 nanoparticles 
on the PS core. The C1s spectra of PS beads and PS-In(OH)3 hybrid particles were 
deconvoluted into seven component peaks as shown in Appendix 1d and 1e, respectively. A 
comparison of these spectra revealed a positive chemical shift in the positions of peak E and 
F, which corresponds to the carbons from C=O moieties  of the ß-diketone groups as shown 
in Appendix 1e. This positive shift in the binding energies from 287.164 to 287.477 for peak 
E and 289.210 to 289.525 for peak F after the coating of In(OH)3 nanoparticles strongly 
confirms the physical interaction between ß-diketone groups and In(OH)3 nanoparticles 
[Mou92].  
Figure 3.3.4a shows TGA scans of uncoated PS beads as well as PS-In(OH)3 hybrid 
particles prepared at different In(OC3H7)3 salt concentrations. In all cases, weight loss below 
200 °C can be ascribed to desorption of physically bonded water and removal of organic 
residue from samples. In the case of hybrid particles, a slight weight loss in the range of 210 
°C - 240 °C can be attributed to the transformation of In(OH)3 into the InOOH [Roy54]. A 
subsequent sharp decrease in weight for all three samples in the range of 280 °C - 450 °C 
seems to be associated with the decomposition of PS core. In the case of hybrid particles, 
transformation of InOOH into the In2O3 which takes place at 435 °C, also contribute to this 
stage of weight loss [Roy54]. Additionally, one can observe that the final residue of PS-
In(OH)3 hybrid particles increases with an increase in employed concentration of In(OC3H7)3 
salt in reaction media. PS-In(OH)3 hybrid particles prepared at 0.08 mM, 0.17 mM and 0.34 
mM In(OC3H7)3 concentrations exhibit the In2O3 content as 3.54 %, 5.50 % and 8.11 %, 
respectively. 
The phase purity of as-prepared PS-In(OH)3 hybrid particles has been  evidenced with x-
ray diffraction analysis and results are shown in Figure 3.3.4b. All of the reflections of this 
XRD pattern can be readily indexed to a pure body centered cubic phase of In(OH)3 with a 
lattice constant of a ) 0.797 nm, which is consistent with the literature value (JCPDS 85-
1338) [Tan05, Zhu08]. Moreover, it can also be observed that the XRD pattern of these 
hybrid particles possesses a noticeable background, attributable to the presence of amorphous 
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PS cores in the samples. In addition, it can be reasoned to restricted/imperfect crystallization 
of In(OH)3 nanoparticles during their precipitation in the presence of template particles in 
reaction media. Similar effect of the restricted crystallisation for the TiO2 nanoparticles in the 
presence of organic residue results has been reported by Zhang et al [Zha04].  
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Figure 3.3.4: (a) TGA analysis of PS template particles and PS-In(OH)3 hybrid particles 
prepared at different concentrations of In(OC3H7)3 salt. (b) XRD pattern of PS-In(OH)3 
hybrid particles prepared at 0.08 mM In(OC3H7)3 concentration. 
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3.4 Conclusions 
In summary, the present Chapter describes a simple and versatile approach to the 
fabrication of PS-ZnO and PS-In(OH)3 hybrid particles. It has been shown that the employed 
protocol allows to tune the size, morphology, ZnO/In(OH)3 content and shell thickness of 
resulting particles by manipulating the employed concentration of nanoparticles’ precursors 
(i.e. Zn(Ac)2.2H2O or In(OC3H7)3 salt) in the reaction media. In addition, it may be possible 
to tune the core size of hybrid particles by employing the PS beads of desired diameter as 
templates during coating process. IR and XPS results prove an interaction between the 
ZnO/In(OH)3 nanoparticles and the β-diketone groups located on the surface of polystyrene 
beads. TGA results indicate an effective control of the reaction parameters on the inorganic 
content of hybrid particles. XRD results confirm that crystalline ZnO/In(OH)3 has been 
deposited on the surface of polymer beads. Unlike to the previously reported studies [Che05, 
Xia03], presented method is versatile in terms of producing hybrid particles with different 
morphologies. For many applications, this modulation in the morphology of hybrid particles 
might be of paramount interest, because it plays a fundamental role in determining the 
performance of a material. Being semiconductor materials, ZnO/In(OH)3 can render a wide 
range of applicability to obtained hybrid particles in a variety of potential fields including as 
building blocks in fabrication of optoelectronic devices such as photonic crystals and as 
photocatalysts for a number of photochemical reactions.             
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Chapter 4: Fabrication of Single Metal Oxide Hollow 
Spheres 
4.1 Titanium-dioxide (TiO2) Hollow Spheres  
4.1.1 Introduction 
In recent years, there has been an increasing interest in the fabrication of hollow spheres 
with nanometer-to-micrometer dimensions because of their potential use in a wide range of 
applications [Wil95, Mat97, Hun99]. For example, they can effectively be used as extremely 
small containers for encapsulation - a well known process that is actively explored for 
applications in catalysis, delivery of drugs, development of artificial cells or protection of 
biologically active agents (such as proteins, enzymes, or DNAs). When used as fillers, 
pigments, or coatings, hollow spheres may also provide some immediate advantages over 
their solid counterparts because of their relatively low densities [Ohm92]. A variety of 
chemical and physicochemical strategies, including heterophase polymerization combined 
with a sol-gel process [Tis02, Imh01], nozzle-reactor systems [Lu99], emulsion or interfacial 
polymerization strategies [Bru97, Fow01], surface living polymerization process [Zho02] and 
self-assembly techniques [Dis99] has been employed to fabricate polymeric or ceramic 
hollow spheres. Some of them are of particular interest, and hence, have been used most 
frequently to fabricate these nanostructures with tailored properties. The first widely used 
method is the layer-by-layer (LBL) approach introduced by the pioneering work of Caruso 
and co-workers [Car98]. Submicrometer-sized colloidal particles are coated with 
multilayered shells by the sequential adsorption of polyelectrolytes and oppositely charged 
nanoparticles. Calcination of the obtained core-shell particles results in the fabrication of 
hollow spheres. The major advantage of this method is its lack of specificity for the 
combination of core and shell materials rendering it applicable to a wide range of systems. 
However, the method is not entirely free of problems such as the fact that the layers are added 
in time consuming discrete steps, which consist of the repeating adsorption of 
polyelectrolytes and nanoparticles, centrifugation, water washing, and re-dispersion cycles. 
Secondly, a large amount of redundant polymer is incorporated in the shell during the 
multiple absorption of alternating polyelectrolytes layers on colloidal latex particles. The 
second approach involves templating of the sol-gel precursors of nanoparticles against 
crystalline arrays of colloidal nano/micro spheres [Zho00]. In this process, the template is 
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coated with a thin layer of the ceramic material by the infiltration of its precursor through the 
colloidal assemblies, thus resulting in core-shell particles. Subsequently, these core-shell 
particles are turned into hollow spheres by calcination at elevated temperatures in air or 
selective etching in an appropriate solvent. This approach has also been reported to suffer 
from a number of limitations; the most prominent one is tailoring the pore morphology of 
macro-porous materials. Fine control of pore wall thickness and the formation of structures 
with closed pores have been difficult to achieve because reaction of alkoxides to produce 
metal oxides results in the production of large amount of water and alcohol. Removal of the 
produced water and alcohol during drying and heat treatment results in large shrinkage and 
the formation of cracks in the materials [Sub99]. A different approach involves the use of 
functionalized colloid particles as templates for nanoparticle deposition (including gold 
[Liz96a], CdS [Wu04], mesoscale ZnS [Vel01] or polymer beads [Tis01] in solution. A 
variety of sacrificial templates including silica spheres [Kim02], polystyrene latex spheres 
[Rho00] resin spheres [Bou01] vesicles [Sch02], liquid droplets [Hua00] and miniemulsion 
[Put01] or microemulsion [Wal99] droplets have been exploited to achieve the ceramic or 
polymer hollow spheres. This methodology involves coating of the template particles with 
the inorganic shell (silica, titania etc) by either controlled surface precipitation of inorganic 
molecule precursors or direct surface reactions utilizing specific functional groups on the 
cores. The template particles are afterwards removed by either core dissolution or calcination 
to generate ceramic hollow spheres. Considerable efforts have been made for the preparation 
of titania coated polymer spheres using this approach [Zha05, Imh01].  
Among all the ceramics, a great deal of efforts has been devoted to the fabrication of 
hollow titania spheres [Imh01, Che06, Nak03]. This material is well known for its unique 
properties (such as high refractive index, good surface chemistry, resistance to discoloration 
under UV light and photo catalytic activity etc) which make it suitable for a number of 
applications such as in photonic band gaps (PBG) [Nak05], catalysts [Zha05], white pigments 
[Hsu93] nanoreactors [Li05], chemical sensors, energy conversion, sorption media and filters 
[Hag95]. Although the above described pioneering works are very interesting, but when it 
comes to the fabrication of titania hollow spheres, these approaches have been reported to be 
accompanied with some disadvantages, such as the formation of irregular coatings, 
aggregation of the coated particles, low efficiency of controlling the coating thickness and 
formation of secondary titania particles [Guo99]. This can be attributed to the relatively high 
activity of titania precursors than those of other ceramic materials. Thus, despite of prior 
extensive work on titania hollow spheres, it is still a challenge to develop a facile, fast and 
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feasible method to prepare hollow titania spheres with uniform, dense and thick ceramic 
walls. For certain applications such as controlled delivery of encasing agents, hollow spheres 
with a porous and mechanically robust shells are required, which can allow the controlled 
transport of large target species across it.  
In the first part of the present Chapter, a simple, fast, but effective approach to fabricate 
hollow titania spheres is described. The presented system not only overcomes the problems 
realized previously in preparing hollow titania spheres, but also allows nanoengineering with 
these nanostructures in terms of their size, morphology and shell thickness.   
4.1.2 Experimental  
Materials. Styrene (ST) (Fluka) and acetoacetoxyethylmethacrylate (AAEM) (97%) 
(Aldrich) were passed through an inhibitor removal column and then vacuum distilled under 
nitrogen before use. Titanium ethoxide (85%) (Acros), ammonium hydroxide (28-30 % NH3 
in water) (Acros) and acetic acid (100%) (Merck) were used without additional purification. 
Distilled water was employed as the polymerization medium. 
Synthesis of polystyrene particles: Monodisperse and ß-diketone functionalized 
polystyrene particles with an average diameter of 540 nm were synthesized as described in 
Section 3.2.1.  
Synthesis of polystyrene-titania hybrid particles: The coating reaction was carried 
out in ethanol at 70°C by hydrolyzing the titanium ethoxide in the presence of the ß-diketone 
functionalized polystyrene particles. In a typical process, variable amounts of titanium 
ethoxide (See Table 4.1.1) were mixed into 10 g of extra pure ethanol and the mixture was 
refluxed at 70°C for 2 hrs. Subsequently, 1 g of latex containing 10 wt% polystyrene particles 
was added into the reaction media followed by the addition of 4-5 drops of glacial acetic acid 
as precipitating agent. After reacting for 20 hrs, the hybrid particles were cleaned by three 
cycles of centrifugation/re-dispersion in ethanol and water, respectively. 
Synthesis of hollow titania spheres: In order to synthesize the hollow spheres, 
polystyrene cores were removed by adding a suspension of titania coated polystyrene spheres 
in ethanol, to an excess of toluene. After 10 hrs, the obtained particles were centrifuged two 
times at 10,000 rpm for 10 minutes by re-dispersing in toluene in order to ensure the 
complete removal of the polystyrene core. Finally, hollow spheres were transferred to ethanol 
by two more centrifugation/re-dispersion cycles. In addition, it could also be possible to 
remove the polystyrene cores from the hybrid particles by calcination in a furnace at elevated 
temperature [Imh01]. A few milligrams of PS-TiO2 hybrid particles were placed into a 
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porcelain cup and heated up to 550 °C under air at a 5 K/min heating rate. After keeping for 3 
hrs at this temperature, the sample was cooled down to room temperature at a cooling rate of 
10 K/min [Zha04]. 
Table 4.1.1 Variation in size of PS-titania hybrid particles and their shell thickness 
(measured by SEM analysis) with the change in employed concentration of Ti(OEt)4 salt in 
reaction media. 
S.No. Sample Name Concentration of 
Ti(OEt)4 salt (mM) 
Size of hybrid 
particles (nm) 
Titania-shell 
thickness (nm) 
1 Sample-1 0.5 740 100 
2 Sample-2 1 760 110 
3 Sample-3 1.5 780 120 
4 Sample-4 2 800 130 
4.1.3 Results and Discussion 
4.1.3.1 Titania coated polystyrene spheres: SEM images of titania coated polystyrene 
spheres produced at different concentrations of Ti(OEt)4 salt, are shown in Figure 4.1.1 (b-
e). These images illustrate the presence of a thick but smooth, homogeneous and complete 
titania shell on polystyrene beads. Moreover, one can observe that coated particles are 
monodisperse in size and spherical in shape similar to the neat polystyrene beads, employed 
as the template (as shown in Figure 4.1.1a). DLS measurements of these particles are shown 
in Appendix 2. When the coating reaction was performed at 0.5 mM Ti(OEt)4 concentration, 
the diameter of polystyrene beads increased from 540 nm (neat polystyrene) to 740 nm, 
yielding a titania shell of 100 nm thickness (the thickness of the deposited titania shell is half 
of the increment in total diameter of the particles after the coating process). An increase in 
the employed concentration of titania salt in reaction media further from 0.5 mM to 2 mM (as 
shown in Table 4.1.1), resulted into an increment in diameter of coated particles from 740 
nm to 800 nm (yielding a shell thickness in the range of 100-130 nm). Figure 4.1.1f 
illustrates a TEM image of sample 2 indicating that the particles are monodisperse in size and 
possess a complete titania shell enveloping the polystyrene core. These data are in good 
agreement with SEM analysis and illustrate that the observed increment in diameter of hybrid 
particles is due to the deposition of titania nanoparticles on the template surface. 
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Figure 4.1.1: SEM images of (a) polystyrene beads and PS-titania hybrid particles prepared 
at different concentrations of Ti(OEt)4 salt (b) sample 1, (c) sample 2, (d) sample 3, (e) 
sample 4 and (f) TEM image of sample 2. 
It is worth mentioning that in contrast to the results reported in literature [Imh01, Che06, 
Wan06], a gradual increase in diameter of coated particle with increasing the concentration of 
titania salt in the reaction media up to a shell thickness of 130 nm, has been achieved. 
Moreover, no secondary titania particles formation and no deviation from the spherical shape 
of hybrid particles have been observed even at the highest dose of Ti(OEt)4 salt. These salient 
features of described approach can be attributed to the chemistry, employed for the 
preparation of template particles as well as precipitation of titania shell. As mentioned earlier, 
the template particles have been prepared by co-polymerization of styrene with AAEM. This 
added co-monomer renders a fair amount of active sites (ß-diketone groups) to the template 
surface, which provides hydrophilicity and attracts most of the titania nanoparticles, available 
during the coating process. Moreover, the synthesis of titania nanoparticles has been carried 
out by a controlled hydrolysis of Ti(OEt)4 salt, catalyzed by acetic acid. It is assumed that the 
presence of acetic acid in reaction media played a crucial role in the deposition of a thick, 
smooth and uniform titania layer on the template surface. Acetic acid not only catalyses the 
reaction but also serves as a chelating agent to stabilize the hydrolysis-condensation process 
and minimize the aggregation of titania particles on the template surface [Ael50]. Similar 
observations have been made by Wu et al [Wu01] during the preparation of titanium dioxide 
nanoparticles in the presence of acetic acid. In order to support this assumption, hybrid 
particles have been prepared in the presence of hydrochloric acid, water and NH4OH instead 
of acetic acid. This change in the reaction conditions resulted into a nonuniform coating of 
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polystyrene beads, high surface roughness and the presence of secondary titania particles (as 
shown in Appendix 3).  
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Figure 4.1.2: Thermogravimetric traces of uncoated PS particles and titania coated PS 
particles prepared at different Ti(OEt)4 concentrations.  
A closer look in Figure 4.1.1 reveals that there is no significant change in the surface 
roughness of PS-TiO2 hybrid particles while increasing the Ti(OEt)4 concentration  from 0.5 
mM to 1.5 mM. However particles prepared at the highest Ti(OEt)4 concentration (2mM) are 
relatively rougher than those prepared at lower concentrations. This can be attributed to the 
relatively fast hydrolysis of the titania precursor at the highest concentration of Ti(OEt)4 salt. 
It is well known that hydrolysis of metal oxides salts is proportional to the concentration of 
the reactants [Par03]. Based on this, it can be assumed that the rate of precipitation of the 
titania shell at 2mM concentration of Ti(OEt)4 salt is probably too fast to form a smooth shell 
on polystyrene core.  
Figure 4.1.2 illustrates TGA analysis of neat PS beads and PS-TiO2 hybrid particles, 
prepared at different concentrations of Ti(OEt)4 salt. All TGA scans reveal two main regions 
of weight loss. One is below 230° C, which can be attributed to the desorption of physically 
bonded water and removal of organic residue from samples. The major weight loss between 
320-450°C can be associated with the decomposition of polystyrene core. In the case of 
uncoated polystyrene particles, there is almost no residue at higher temperature region while 
coated polystyrene particles show a final residue ranging between 16-48 %, which is related 
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to their titania contents. As expected, the final residue of titania coated particles gradually 
increases as the employed concentration of the Ti(OEt)4 salt increases. 
4.1.3.2 Hollow titania spheres:  It has been reported in the literature that polystyrene 
core can be removed from hybrid particles by suspending them in a suitable solvent (which 
can dissolve the polystyrene) followed by two centrifugation/redispersion cycles [Car99]. 
After dispersing in toluene, all the polystyrene is expected to dissolve leaving behind porous 
and hollow spheres. The produced hollow spheres were transferred into ethanol for further 
characterization. Figure 4.1.3 shows TEM micrographs of sample 3 before and after the 
chemical dissolution of polystyrene core. In agreement with the SEM data, a uniform coating 
of titania layer on polystyrene beads can be observed in the case of hybrid particles. A 
noticeable difference in the contrast of the TEM images (as shown in Figure 4.1.3) of titania 
coated polystyrene particles taken before and after the chemical treatment with toluene 
(because of the difference in electron density in the core), confirms that hollow titania 
spheres have been produced. The successful formation of hollow titania spheres confirms the 
high uniformity of titania shell on polystyrene templates. 
 
    
 Figure 4.1.3: (a) TEM image of titania coated PS particles; sample 3, (b) low and (c) high 
magnification TEM images of hollow titania spheres obtained after chemical dissolution of 
PS core from sample 3. 
Figure 4.1.4 illustrates SEM images of hollow titania spheres produced via chemical 
dissolution and calcination of titania coated hybrid particles. Figure 4.1.4a and 4.1.4b show 
that chemical treatment of sample 2 and sample 4 with toluene resulted in complete and intact 
hollow spheres. It should noted that in the case of sample 4 (Figure 4.1.4b), the obtained 
particles have been deliberately crushed by applying force to them [Car99], prior to the SEM 
analysis to prove that particles are hollow in nature. One can clearly see the cavities (shown 
by red arrows) and broken pieces (shown by blue arrows) of titania shell of these hollow 
structures. Moreover, it can also be observed that the produced hollow particles are spherical 
a b 
500 nm 500 nm 5 µ m 
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in shape and monodisperse in size. DLS measurements of these hollow titania spheres are 
depicted in Appendix 2. Imhof [Imh01] observed deformation of hollow titania spheres after 
removal of polystyrene core from hybrid particles because of the thin layer of titania shell (50 
nm). Similarly Wang et al [Wan02a] observed spreading as well as creases and folds in 
hollow titania spheres of a comparable diameter, produced by the same method. In contrast, 
since the present approach allowed the precipitation of a 100-130 nm thick titania shell on PS 
beads, mechanically robust and intact hollow titania spheres have been produced. The 
thickness of the shell is of paramount importance as it provides mechanical stability during 
the core removal. As result, thin shell tends to collapse while removing the core, whilst the 
thicker shells can maintain sphericity. 
 
 
 Figure 4.1.4: SEM images of hollow titania spheres obtained after chemical dissolution of 
PS core from (a) sample 2 and (b) sample 4 and calcination of (c) sample 2 and (d) sample 4. 
In Figure 4.1.4b and 4.1.4c, blue arrows show the broken pieces of titania shell produced by 
the deliberate crushing of hollow spheres and red arrows show the cavities of hollow 
particles. 
Calcination of titania coated polystyrene particles in air at elevated temperature also 
resulted in the fabrication of hollow titania spheres [Wan06]. Figure 4.1.4c and 4.1.4d show 
SEM images of hollow titania spheres obtained after calcination of sample 2 and sample 4, 
respectively. These images reveal that calcination results in formation of intact, monodisperse 
and spherical hollow structures with thick shell walls. In the case of sample 2, again particles 
were deliberately crushed before analysis to confirm their hollow nature. The cavity of 
hollow titania spheres (red arrow) and broken pieces of titania shell (blue arrow) can be 
observed in Figure 4.1.4c. Calcination of polystyrene particles coated with relatively thin 
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titania layer, have been reported to produce relatively a large fraction of damaged hollow 
spheres [Imh01, Car99]. On the contrary, in this study most of the produced hollow spheres 
have been found intact and unbroken because of the thick titania shell. The diameter of 
hollow titania spheres produced by calcination has been found to be 10-20 % smaller than the 
one of the uncalcined hybrid particles. In some studies more than 30 % or even around 44% 
shrinkage has been observed after calcination, probably because of thinner ceramic shell 
[Wan02, Wan02a, Car99]. On the contrary, the hollow spheres produced in the present study 
have thick titania shells with high 2D anisotropy, which provides stability during the heat 
treatment. Consequently, only a slight shrinkage in size of obtained hollow spheres has been 
observed, which can be attributed to the sintering contraction of TiO2 nanoparticles.  
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Figure 4.1.5: FTIR spectra of titania coated PS particles (Sample 2) and hollow titania 
spheres, produced after chemical dissolution of PS core from sample-2. 
To verify the removal of the polystyrene core, produced hollow spheres were analysed 
with FTIR spectroscopy and the resulting spectrum has been compared with that of the titania 
coated particles (see Figure 4.1.5). In the case of hybrid particles, one can observe the 
presence of C-H stretching band at around 3000 cm-1, the aromatic C-C stretch at around 
1470 cm-1, the C-H out-of plane band at 765 cm-1, and the aromatic C-C out-of-plane band at 
700 cm-1. Aromatic overtones are visible in the range of 1700-2000 cm-1. All these peaks are 
characteristic peaks of polystyrene, which have almost been disappeared in the case of 
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toluene treated hollow particles, indicating that most of the polystyrene has been removed by 
this process [Imh01, Che06].  
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Figure 4.1.6: XRD patterns of titania coated PS particles (sample 4) and hollow titania 
spheres obtained after calcination of sample 4 at 550°C. 
Figure 4.1.6 displays the X-ray diffraction pattern of titania coated polystyrene powder 
(sample 4), dried at room temperature under vacuum. It demonstrates that during the coating 
process, almost amorphous phase of titania is practically deposited on the polystyrene core. 
The diffraction peaks appeared in this XRD pattern (Figure 4.1.6a) could be associated to the 
reflections (210) and (111) of the brookite phase or to the reflection (110) of the rutile phase 
of titania. Similar observations have been reported in the literature for the preparation of TiO2 
nanoparticles in similar reaction conditions as the ones employed in the present study 
[Bok95]. XRD pattern of the same sample but after calcination at 5 K/minute to 550°C for 3 
hrs illustrates diffraction peaks, consistent with the pure hexagonal anatase phase of TiO2 
with calculated cell constants of a = b = 3.785 Å and c = 9.514 Å. The peak intensities and 
peak positions are in good agreement with the expected literature values [48]. The indices and 
spacing for the diffraction rings are (1) 101, 0.353 nm; (2) 004, 0.236 nm; (3) 200, 0.189 nm; 
(4) (105 + 211), 0.167 nm; (5) 204, 0.151 nm; and (6) 116, 0.134 nm, respectively. Moreover, 
it can be observed that the XRD pattern of hollow titania spheres (Figure 4.1.6) has a 
noticeable background, which reveals the presence of significant amount of amorphous 
titania phase still in this sample. This can be explained perhaps on the basis that the presence 
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of the organic residue in the hybrid particles obstructed the coagulation of titania 
nanoparticles during the coating process, resulting in a more restricted/imperfect 
crystallization [Zha04]. 
4.2 Tantalum-oxide (Ta2O5) Hollow Spheres 
4.2.1 Introduction 
Tantalum oxide is another member of the metal oxide family, which exhibits a number 
of outstanding properties including a wide band gap (∼3.9 eV), photoactivity in near UV 
areas [Wan06a], chemical resistance (except to hydrofluoric acid), good conductivity, 
ductility, mechanical strength, biocompatibility [Fin04] etc. Therefore it is being widely 
studied and used in the construction of furnaces, chemical reactors, surgical instruments, 
capacitors [Cha98] and barrier layers in integrated circuits [Kui03] among other applications. 
It is presently thought to be the most promising capacitor material to be used in the near 
future in dynamic random access memories (DRAM) [Ezh99]. Moreover, tantalum oxide is a 
very good catalyst for a variety of chemical reactions [Che03, Yue06]. Because of such 
interesting properties and its growing importance in industries, the fabrication of hollow 
Ta2O5 spheres was explored. Even though a variety of metal oxide hollow spheres such as 
SiO2, TiO2, ZnO, Ga2O3 and so forth have been prepared [Zho00, Yan06, Sun04] but 
investigations on the preparation and characterization of closed hollow Ta2O5 spheres have 
never been reported. 
In this second part of the Chapter, a simple, fast and facile route to the mesoscale hollow 
Ta2O5 spheres with tuneable void size and shell thickness has been presented. The obtained 
hybrid particles and hollow spheres can be used for a wide range of applications such as 
building blocks for the fabrication of tantalum based sensors, UV detectors, electronic filters 
and photonic crystals because of their simple synthesis, nanoscopic dimensions, narrow 
particle size distribution and flexible adjustment of the size and Ta2O5 content. 
Biocompatibility of tantala [Len06] makes these hollow structures attractive to use as drug 
delivery carriers and bio reactors. In addition, hydroxyl groups present on the surface of these 
nanostructures provide an ideal anchorage for covalent bonding of specific ligands (e.g. 
streptavidin, antibodies etc.) Moreover, these nanostructured materials with interesting 
morphology and architecture are very promising for applications in catalysis because they 
enable a fine dispersion and stabilization of small nanoparticles and provide access to a larger 
number of active sites than the corresponding bulk components.  
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4.2.2 Experimental  
Materials: Tantalum ethoxide Ta(OEt)5 (99.98%) and ethanol (99%) were obtained 
from Aldrich and used as received. Glacial acetic acid and toluene (99.9%) were purchased 
from Merck and Acros, respectively and were used without additional purification. Millipore 
water was employed as the reaction medium. 
Synthesis of polystyrene particles: Monodisperse and ß-diketone functionalized 
polystyrene particles with an average diameter of 540 nm were synthesized as described in 
Section 3.2.1. 
Synthesis of polystyrene-tantala hybrid particles: Tantala coated polystyrene 
particles were prepared by hydrolyzing tantalum ethoxide in ethanol at 28 °C in the presence 
of functionalized polystyrene beads. In a typical process, the tantala sol was prepared by 
mixing the variable amounts of tantalum ethoxide (0.08 g to 0.20 g) into 5 g of extra pure 
ethanol followed by addition of 0.05 g of glacial acetic acid. The overall concentration of 
Ta(OEt)5 was varied from 0.2 mM to 0.5 mM. The reaction mixture was thoroughly stirred at 
room temperature for 5 minutes under nitrogen blanket. Subsequently, 1 g of latex 
(containing 10 wt% polystyrene particles) mixed with 5 g of ethanol was added drop wise 
into the reaction media. After reacting for 6 hrs at 28°C, PS-Ta2O5 hybrid particles were 
cleaned by two centrifugation/re-dispersion cycles in ethanol and water, respectively.  
Synthesis of hollow tantala spheres: Once the core shell particles were analyzed and 
satisfactory coverage of template surface was confirmed, the samples were employed for 
fabrication of hollow tantala spheres. For this purpose, they were employed to either core-
dissolution in toluene or calcination at elevated temperature. During the core-dissolution, a 
dispersion of hybrid particles in ethanol was added into an excess of toluene [Imh01]. After 
10 hrs, the obtained hollow spheres were centrifuged two times at 8000 rpm for 8 minutes by 
re-dispersing in toluene in order to ensure the complete removal of the polystyrene core. 
Finally, the obtained hollow tantala spheres were transferred into ethanol via a further 
centrifugation/re-dispersion cycle for subsequent characterization. For calcination, few 
milligrams of PS-tantala powder was placed into a porcelain cup and heated inside a furnace 
up to 650 °C under air at a 5 K/min heating rate. After keeping for 5 hrs at this temperature, 
the sample was cooled down to room temperature at a cooling rate of 10 K/min [Zha04]. 
4.2.3 Results and Discussion 
4.2.3.1 Tantala coated polystyrene spheres: Figure 4.2.1a illustrates a SEM image of 
pure PS colloidal particles, employed as the templates during the coating of Ta2O5 
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nanoparticles. Figure 4.2.1(b-e) shows SEM micrographs of tantala coated polystyrene 
spheres produced at different concentrations of Ta(OEt)5. These images illustrate the 
presence of a thick, homogeneous and complete tantala shell on the polystyrene beads. A 
continuous increase in the size of PS-Ta2O5 hybrid particles with increasing the employed 
concentration of Ta(OEt)5 can be observed. An average increment of 0.1 mM in 
concentration of Ta(OEt)5 was found to induce an increase of around 30 nm in the overall 
diameter of these hybrid particles. Moreover, as is evident by TGA analysis (described later 
in the present Chapter), a linear increase in tantala content of hybrid particles was also 
observed with increasing the employed Ta(OEt)5 concentration. Interestingly, one can 
observe from Figure 4.2.1 that even at the highest concentration of tantalum ethoxide, the 
obtained coated particles remained spherical in shape and showed a narrow particle size 
distribution similar to the polystyrene template particles. Moreover, no formation of uncoated 
tantala particles was observed.  
 
 
Figure 4.2.1: SEM images of (a) PS particles and PS-Ta2O5 hybrid particles prepared at 
different Ta(OEt)5 concentrations: (b) 0.2 mM (31.45 wt % Ta2O5), (c) 0.3 mM (41.87 wt % 
Ta2O5), (d) 0.4 mM (48.98 wt % Ta2O5) and (e) 0.5 mM (55.52 wt % Ta2O5). 
It is noteworthy that the surface of the all PS-tantala hybrid particles is remarkably 
rough as compared to those of previously reported organic-inorganic core-shell hybrid 
particles such as PS-TiO2 [Wan06]. This could be attributed to the relatively high rate of the 
hydrolysis of Ta(OEt)5, and hence, the rapid precipitation of tantala nanoparticles on the 
polystyrene core. The formation of the tantala shell on the surface of polystyrene beads 
consists probably of nucleation and growth processes. During the nucleation, the tantala 
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precursors interact with the ß-diketone groups and provoke the nucleation of the tantala 
nanoparticles on the core surface (the detailed mechanism is described later). Afterwards, 
these nuclei grow in the size and finally form a tantala shell on the polymeric core.  
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Figure 4.2.2: (a) Variation in size of PS-Ta2O5 hybrid particles with employed concentration 
of Ta(OEt)5 salt and (b) dependency of the Ta2O5 shell thickness on the Ta2O5 content of 
hybrid particles. 
The final morphology of hybrid particles depends on the relative rate of the nucleation 
and growth processes. During the formation of PS-ZnO nanoparticles (Section 3.2), it has 
also been observed that deposition of the ZnO nanoparticles on the polystyrene beads can 
lead to the core-shell (smooth shell) and raspberry-like (rough shell) morphology of hybrid 
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particles, depending on the relative rate of these processes which are controlled by different 
reaction parameters. It is believed that in the case of tantala, the employed reaction conditions 
are favourable for the growth process. Consequently, tantala nuclei grow at fast rate and 
finally fuse with each other forming the rough and porous tantala shell on polystyrene beads. 
Figure 4.2.2a reveals quantitative analysis of the effect of employed concentration of 
Ta(OEt)5 salt on the particle size of resulting hybrid particles. When the coating reaction was 
performed at 0.2 mM concentration, the size of polystyrene beads increased from 540 nm 
(neat polystyrene) to 740 nm as determined by TEM, yielding a 100 nm thick tantala shell. 
Furthermore, an increase in concentration of Ta(OEt)5 salt from 0.3 mM to 0.5 mM in three 
different reaction sets resulted into a gradual increase of the size of coated particles from 770 
nm to 825 nm. Figure 4.2.2b indicates that the thickness of the deposited tantala shell 
gradually increases with increasing the Ta2O5 content (as determined by TGA). These results 
demonstrate that an effective control over the thickness of precipitated tantala shell can be 
achieved following the present method. It is worth mentioning that the described system 
allows achieving a gradual increase in thickness of tantala shell up to 140 nm or even more. 
In contrast, Cheng et al [Che06] and Wang et al [Wan06] observed that an increase in the 
titania shell thickness beyond even 80 nm induces the formation of secondary nanoparticles 
and/or deviation of hybrid particles from spherical shape.  
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Figure 4.2.3: Thermo gravimetric traces of uncoated PS particles and tantala coated PS 
particles produced at different Ta(OEt)5 concentrations. 
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In Figure 4.2.3 thermo-gravimetric analysis (TGA) scans of uncoated and tantala coated 
polystyrene particles can be seen. In all cases, the weight loss stage below 300°C is the result 
of the evaporation of physically absorbed water and residual solvent in samples. The major 
weight loss between 325°C to 460°C can be attributed to the loss of polystyrene. The weight 
loss which is visible only in the case of hybrid particles in the range of 500°C-650°C, can be 
due to the decomposition of tantala bonded groups such as –OH and/or unhydrolysed –OR 
groups. Moreover, in agreement with SEM data, one can observe a continuous increase in the 
final residue i.e. Ta2O5 contents of hybrid particles from 31% to 55.5%, with increasing the 
employed concentration of Ta(OEt)5 salt in reaction media. 
 
 
Figure 4.2.4: SEM images of hollow Ta2O5 spheres obtained after chemical dissolution of PS 
core from PS-Ta2O5 hybrid particles with (a) 31.45 wt %, (b) 41.87 wt %, (c) 55.52 wt % 
Ta2O5 contents and (d) calcination of PS-Ta2O5 hybrid particles with 55.52 wt % Ta2O5 
content. 
4.2.3.2 Hollow tantala spheres: Hollow tantala spheres have been prepared by core-
dissolution of PS-Ta2O5 hybrid particles with toluene or calcination at elevated temperature. 
Figure 4.2.4 shows SEM micrographs of hollow tantala spheres obtained from different 
hybrid samples. Figure 4.2.4a reveals that dissolution of the polystyrene core from the 
sample prepared at lowest concentration of Ta(OEt)5 (0.2 mM), resulted in the fabrication of 
broken tantala hollow spheres. This suggests that the shell of these hollow particles is not 
sufficiently thick to maintain the spherical shape after removal of the colloidal core [Imh01, 
Car99]. On the contrary, calcination and core dissolution of other samples, prepared at higher 
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Ta(OEt)5 concentrations and with thicker shells resulted in the preparation of spherical, intact 
and complete hollow spheres as shown in Figure 4.2.4(b-d). This may be attributed to the 
high thickness of tantala shell (115-140 nm) which provides a good mechanical strength to 
the ceramic wall of hollow spheres, and thus, maintains the spherical shape of hollow spheres 
even after the removal of the polystyrene core. Appearance of few broken spheres in these 
SEM images is because of deliberate crushing of the samples prior to analysis. The samples 
were crushed in order to look into the cavities of these spheres to confirm their hollow nature. 
Compared to the previously reported studies on hollow spheres [Jeo05], the surface of hollow 
tantala spheres obtained in this study is quite rough. This high roughness offers relatively 
high surface area as compared to smoother materials, which is suitable for the use in catalytic 
applications and effective adsorbents in separation and purification processes. Moreover, it is 
possible that tantala shell is remarkably porous, and hence, exhibits the high permeability and 
diffusivity of the foreign substances through it, which makes these hollow structures suitable 
for controlled release of relatively large molecules. 
Figure 4.2.5(a-d) show TEM images of PS-Ta2O5 hybrid particles and hollow tantala 
spheres obtained via calcination at 650°C. In agreement with SEM data, in the case of hybrid 
particles a uniform coating of tantala layer on polystyrene beads was observed. A noticeable 
difference in the contrast of TEM images of tantala coated polystyrene particles and hollow 
tantala spheres, confirms that the produced tantala spheres are hollow in nature. A close 
inspection of these TEM images reveals the presence of individual tantala nanoparticles 
forming a thick and continuous shell. The diameter of the obtained hollow spheres has been 
found 10-15% less than the ones for uncalcinated tantala coated polystyrene particles 
[Wan02, Wan02a, Car99]. This can be attributed to the sintering contraction of nanoparticles 
or further condensation/polymerization of molecular precursors upon calcination. High-
resolution TEM (HR-TEM) analysis provides further insight into the nanostructures of the of 
hollow tantala spheres. Figure 4.2.5e shows a typical HR-TEM image of an individual 
nanocrystal from the shell of a hollow tantala sphere. This micrograph clearly illustrates the 
lattice images from the tantala nanocrystal. The distance between two lattice fringes was 
found to be 3.09 Ǻ, consistent with the separation of (200) planes of the L-Ta2O5 crystalline 
phase [Ste71]. In addition, the Fast Fourier Transform (FFT) image (shown in Figure 4.2.5f) 
of the selected area of HR-TEM micrograph indicates the electron diffraction patterns 
attributable to the L- Ta2O5 crystalline phase. Apparently, reflections from (070) and (200) 
lattice planes corresponding to the 5.75 Ǻ and 3.09 Ǻ d-spacings can be observed. 
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Figure 4.2.5: TEM images of PS-Ta2O5 hybrid particles with (a) 41.87 wt %, (b) 55.52 wt % 
Ta2O5 contents and hollow Ta2O5 spheres (c, d) obtained after calcination at 650°C. (e) HR-
TEM image and (f) Fast Fourier Transform (FFT) of the selected area of HR-TEM image of 
hollow Ta2O5 spheres obtained after calcination of PS-Ta2O5 hybrid particles with 55.52 wt 
% Ta2O5 content. 
The FTIR spectra of PS-Ta2O5 hybrid particles and hollow tantala spheres obtained from 
core dissolution as well as calcination methods are shown in Figure 4.2.6a. In the case of 
hybrid particles, one can observe the presence of the C-H stretching band at around 3000 cm-
1
, the aromatic C-C stretching band at around 1470 cm-1, aromatic overtones in the range of 
1700-2000 cm-1, C-H out-of plane band at 765 cm-1 and the aromatic C-C out-of-plane band 
at 700 cm-1. All these peaks illustrate characteristic bands of polystyrene. In addition, the Ta-
O-Ta and Ta-OH  stretching bands at 664 cm-1 and 3420 cm-1 are also visible which indicate 
presence of Ta2O5 in these hybrid particles [Sun96]. After core dissolution with toluene, all 
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the characteristic peaks of polystyrene are barely visible, indicating only traces of polystyrene 
left in these hollow spheres. It is likely that some of the dissolved polystyrene has been 
absorbed on the outer surface of the particles. Similar results have been reported by Imhof 
[Imh01] during the fabrication of hollow TiO2 spheres. On the other hand, calcination of 
hybrid particles leaves no traces of polystyrene at all and resulting spectra resembles to that 
of pure Ta2O5 [Sun96]. 
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Figure 4.2.6: (a) FTIR spectra of tantala coated PS particles (48.98 wt % Ta2O5) and hollow 
tantala spheres produced after their core-dissolution with toluene and calcination at 650°C (b) 
XRD patterns of  tantala coated PS particles (55.52 wt % Ta2O5) and hollow tantala spheres 
fabricated by calcination of same hybrid particles at 650 °C. 
Figure 4.2.6b shows the X-ray diffraction patterns of Ta2O5 coated polystyrene particles 
and calcinated hollow Ta2O5 spheres. X-ray analysis of PS-Ta2O5 hybrid particles reveals 
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amorphous phase of tantala is deposited on the polystyrene core during the coating process. 
During calcination at 650°C, the amorphous phase transforms into the crystalline phase as is 
evident by XRD pattern of hollow Ta2O5 spheres. In agreement with the HR-TEM analysis, 
all the peaks of this pattern can be indexed to a pure L-Ta2O5 orthorhombic crystalline 
structure with calculated cell constants of a=6.19, b=40.29 and c=3.88 Å. The peak intensities 
and peak positions are in good agreement with the expected literature values [Ste71]. 
Moreover, it can be observed that the XRD pattern of hollow tantala spheres has also a 
noticeable background, which reveals the presence of the amorphous tantala phase still 
present in the sample, similar to the observations made during fabrication of hollow TiO2 
spheres in Section 4.1.3.2. This can also be attributed to the restricted/imperfect 
crystallization of Ta2O5 nanoparticles in the presence of polystyrene core.  
4.3 Mechanism for the titania/tantala coating on PS beads 
The physical interaction (hydrogen bonding) between ß-diketone groups, located on the 
surface of colloidal templates and titania/tantala precursors M(OH)x(OR)y (where M is Ti or 
Ta), formed in reaction media can be considered as the driving force for the precipitation of 
metal oxide layer on polystyrene beads. A schematic presentation of the preparation of 
titania/tantala coated polystyrene particles and respective hollow spheres is shown in Scheme 
4.2.1. According to the literature [Sun96] preparation of metal oxide nanoparticles from metal 
alkoxides i.e. M(OR)5 is thought to consist of two stages. The first stage is a hydrolysis 
reaction, in which alkoxide groups are replaced with hydroxide groups via the formation of 
an intermediate of expanded coordination number and metal oxide precursors M(OH)x(OR)y 
are formed. Here x and y denote the number of hydroxyl and alkoxy groups, respectively, 
present on a metal atom in the hydrolysed product of metal alkoxides. The second stage is a 
condensation-polymerisation reaction where M-O-M bonds are formed from M(OH)x(OR)y 
resulting in the creation of 3D structure, which precipitates from the solution. It has been 
reported in the literature [Zha06, Che95] that if metal alkoxides are hydrolysed in the 
presence of functionalised templates, precipitation of metal oxide nanoparticles occurs 
preferentially on template surface (heterogeneous precipitation) rather than in solution 
(homogenous precipitation) and is driven by the interaction between hydrolysed monomer 
M(OH)x(OR)y and active groups present on the template. As mentioned above, colloidal 
cores used in the present study are functionalised with ß-diketone groups on their surfaces, 
hence, as soon as the metal oxide precursors i.e. M(OH)x(OR)y are formed in reaction media, 
they are captured by the templates via their interaction with ß-diketone groups. These groups 
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act as the nucleating sites and induce the precipitation of TiO2/Ta2O5 nanoparticles on the 
template surface. Subsequently, the condensation-polymerisation process of adsorbed 
M(OH)x(OR)y species takes place resulting in precipitation of  a metal oxide layer on 
polystyrene core. Similar observations have been made by Fu et al [Fu01] and 
Hanprasopwattana et al [Han96] for deposition of TiO2 nanoparticles on silica spheres and 
Ocana et al [Oca91] on deposition of TiO2 nanoparticles on ZnO.  
 
Scheme 4.2.1: Schematic presentation of the synthesis of PS-Ta2O5 hybrid particles and 
hollow Ta2O5 spheres.  
4.4 Conclusions 
In summary, a novel, fast and facile but effective route to produce monodisperse and 
intact hollow titania/tantala spheres have been developed and discussed. The salient features 
of this approach are as follows: (1) this is the first sol-gel method which can synthesize a 
titania/tantala shell with as high thickness as 130 nm on polystyrene beads, without the 
formation of secondary nanoparticles. Due to such a thick shell, it could be possible to 
achieve porous and mechanically robust hollow spheres. A number of methods reported in 
the literature [Imh01, Che06, Wan06] on the fabrication of titania hollow spheres, are limited 
to the shell thickness with no more than 80 nm. Beyond this limit, it has been found very 
difficult to control the thickness, uniformity and roughness of titania shell. (2) The obtained 
hollow spheres have a well-defined void size that is determined by the diameter of the 
polystyrene template, and a homogeneous shell whose thickness can be easily controlled by 
the concentration of the metal alkoxide precursor in the reaction media. (3) In contrast to the 
multistep LBL approach [Car98], the present method offers a fast and facile way to the core-
shell hybrid particles and subsequent hollow titania/tantala spheres. (4) There is no need to 
synthesize the nanoparticles separately, prior to the coating process. This method could also 
be extended for preparing hollow spheres made of other materials such as ZnO, V2O3, SnO2 
Al2O3 and SiO2 etc.  
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Chapter 5 Fabrication of Mixed Metal Oxide Hollow 
Spheres 
5.1 Zinc oxide-Titanium dioxide (ZnO-TiO2) Hollow Spheres 
5.1.1 Introduction  
Polycrystalline TiO2 and ZnO both are technologically important and widely used 
semiconductor oxides in a variety of applications including photocatalytic reactions in liquid-
solid as well as in gas-solid regimes [Sch88, Pel89, Pel90, Aug88]. Compared to pure ZnO 
and TiO2, coupled ZnO/TiO2 polycrystals have been found to display a greater photocatalytic 
activity, such as in the degradation of phenol, 2-chlorophenol, and pentachlorophenol [Ser95] 
and in the decomposition of salicylic acid [Suk96]. This enhancement in photocatalytic 
properties can be ascribed to the modification of the electronic properties of coupled 
materials with respect to the single ones. The electron transfer from the conduction band of 
ZnO to the conduction band of TiO2 under illumination and conversely, the hole transfer 
from the valence band of TiO2 to the valence band of ZnO give rise to a decrease of the pairs 
recombination rate [Ser95]. This phenomenon increases the availability of the pairs on the 
surface of the photocatalyst and consequently leads to the improvement in the occurrence of 
redox processes.  
A number of studies have been reported into the literature on the fabrication of ZnO-
TiO2 hybrid nanostructures. For example, Lew et al [Lew89] reported the fabrication of 
porous and bulky ZnO-TiO2 mixed metal oxides by pyrolysis-calcination process of citrate 
precursors and demonstrated enhanced overall performance of zinc oxide-titanium dioxide 
mixtures over neat zinc oxide for the desulfurization of coal-derived fuel gases. Woods et al 
[Woo90] reported that addition of TiO2 reduces the tendency for ZnO reduction and 
subsequent volatization of metallic zinc, thereby increasing the maximum sorbent operating 
temperature. Kim et al [Kim07] reported that ZnO-TiO2 films show better performance as 
dye sensitized solar cell as compared to that of neat TiO2 film. Similarly, Lin et al [Lin07] 
reported 120 times enhancement in the band edge emission of ZnO nanorods after deposition 
of TiO2 nanoparticles.   
In the present section, the fabrication of the mixed metal oxides hollow spheres 
composed of ZnO-TiO2 shell is discussed. The motivation was to design an efficient 
photocatalyst by exploiting the synergetic effect of the coupling of ZnO with TiO2 on their 
photocatalytic activities. In addition, It is also possible that this nanostructure and porous 
MIXED METAL OXIDE HOLLOW SPHERES                                                                        65 
 
material can offer comparatively large surface area to the reactants, and hence, work more 
effectively as compared to the ZnO-TiO2 core-shell particles or composite films reported 
elsewhere [Kim07a]. The process involves coating of polystyrene beads with successive 
layers of ZnO and TiO2 nanoparticles in two different steps resulting in the preparation of PS-
ZnO/TiO2 core-shell hybrid particles. Calcination of these particles at elevated temperature 
resulted into the fabrication of nearly monodisperse, spherical, closed and porous ZnO-TiO2 
hollow spheres. 
5.1.2 Experimental 
Materials. Acetoacetoxyethyl methacrylate (AAEM) and styrene (ST) (97%) were 
purchased from Aldrich and Fluka, respectively and used after passing through the inhibitor 
removal column and vacuum distillation. Sodium peroxydisulfate (SPDS) (97%), zinc acetate 
dihydrate (Zn(Ac)2.2H2O) (99%), 2 propanol (99.5%), and ethanol (99%) all were purchased 
from Aldrich and have been used without additional purification. Titanium ethoxide 
[Ti(OEt)4] (85%) and ammonium hydroxide (28-30 % NH3 in water) were purchased from 
Acros and used without additional purification. Acetic acid (100%) and NaOH (98%) were 
obtained from Merck and Fluka, respectively and used as received. Distilled water was 
employed as the polymerization medium.  
Synthesis of Polystyrene Particles: Polystyrene particles with an average diameter of 
540 nm have been synthesized by surfactant free emulsion polymerization as described in 
Section 3.2.1 of Chapter 3. 
Synthesis of PS-ZnO Hybrid Particles: PS-ZnO core-shell hybrid particles were 
prepared by templating ZnO nanoparticles against PS latex particles as described in Section 
3.2.1 of Chapter 3. The PS-ZnO hybrid particles, used in this study have been synthesized at 
55 °C temperature and 0.2 M NaOH concentration by employing 1mM (0.22 g) 
Zn(Ac)2.2H2O salt in reaction media.  
Synthesis of PS-ZnO/TiO2 hybrid particles: To achieve PS-ZnO/TiO2 hybrid 
particles, PS-ZnO particles have been coated with a titania layer by hydrolysing the Ti(OEt)4 
salt in ethanol at 70°C. In a typical process, 0.025 g of Ti(OEt)4 was mixed into 10 ml of 
extra pure ethanol and resulting mixture was refluxed at 70°C for 2 hrs. Subsequently, 0.05 g 
of PS-ZnO hybrid particles dispersed into the mixture of 0.65 ml water and 2.5 ml of ethanol 
were added into the reaction media drop wise. After reacting for 20 hrs, obtained PS-
ZnO/TiO2 hybrid particles were cleaned by three cycles of centrifugation/re-dispersion in 
ethanol and water, respectively. By employing the same reaction conditions but in the 
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absence of PS-ZnO hybrid particles, TiO2 nanoparticles were also synthesized, which have 
been used as a reference while investigating the photocatalytic activities of fabricated ZnO-
TiO2 hollow spheres.  
Fabrication of ZnO-TiO2 hollow spheres: In order to fabricate ZnO-TiO2 hollow 
spheres, obtained PS-ZnO/TiO2 hybrid particles were calcinated in a furnace at 500 °C for 2 
hrs. Samples were allowed to heat at 5 K/min heating rate from room temperature to 500 °C. 
TiO2 nanoparticles were also calcinated by employing the same conditions.  
Photochemical Activity: In the photocatalytic experiments, 30 mg of ZnO-TiO2 hollow 
sphere powder was added into 15 mL of the dye solution (20 mg/L) and the mixture was 
magnetically stirred in the dark for 30 min to ensure the adsorption/desorption equilibrium of 
dye with the hollow spheres. Thereafter, reaction mixture was exposed with a UV lamp 
(G8T5, Tec West Inc., USA) having a 2.5W output at 254 nm. The analytic samples exposed 
to the UV light for different intervals of time were taken out from the reaction suspension and 
centrifuged at 5000 rpm for 10 min to remove the ZnO-TiO2 hollow spheres. Subsequently, 
they were analyzed by a UV-visible spectrophotometer. The photocatalytic property of TiO2 
nanoparticles was also monitored to compare with that of ZnO-TiO2 hollow spheres. 
5.1.3 Results and discussion 
5.1.3.1 PS-ZnO/TiO2 hybrid and ZnO-TiO2 hollow spheres: Figure 5.1.1a illustrates 
SEM image of neat PS beads indicating that particles are nearly monodisperse with an 
average diameter of 540 nm and possess quite smooth surfaces. Figure 5.1.1b shows SEM 
image of PS-ZnO core-shell hybrid particles obtained after templating of ZnO nanoparticles 
against ß-diketone functionalized PS beads. This image reveals the presence of a complete, 
homogeneous and smooth ZnO shell on template particles. Moreover, one can observe that 
particle diameter has increased from 540 nm to 600 nm after coating process, indicating 
precipitation of a 30 nm thick ZnO shell on polystyrene core. Figure 5.1.1c illustrates a high 
magnified SEM micrograph of PS-ZnO/TiO2 hybrid particles obtained after coating a titania 
layer on the surface of PS-ZnO particles. It indicates an increase in particle diameter from 
600 nm for PS-ZnO to 705 nm for PS-ZnO/TiO2 hybrid particles. In addition, one can 
observe that the particles are homogeneous in size and spherical in shape even after the 
titania coating on previously precipitated ZnO layer. Figure 5.1.1d shows a SEM micrograph 
of ZnO-TiO2 hollow spheres obtained after the removal of PS core from PS-ZnO/TiO2 hybrid 
particles. One can observe that calcination of these particles resulted into the fabrication of 
almost close and intact hollow spheres. Appearance of the holes in the shell of shown hollow 
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spheres could be attributed to the deliberate crushing (by applying force to them) of the 
sample prior to the SEM analysis to prove their hollow nature [Wan06, Car99]. One can 
clearly see the cavities (shown by solid arrows) of these hollow structure through these holes.  
 
 
 
Figure 5.1.1: SEM images of (a) PS template particles (540 nm in size), (b) PS-ZnO core-
shell hybrid particles (600 nm in size), (c) PS-ZnO/TiO2 core-shell hybrid particles (705 nm 
in size) and (d) ZnO-TiO2 hollow spheres (602 nm in size). 
Figure 5.1.2a and 5.1.2b illustrates SEM and TEM images of the PS-ZnO/TiO2 hybrid 
particles before and after the calcination process, respectively. In agreement with SEM data, 
in the case of hybrid particles a uniform coating of ZnO-TiO2 hybrid layer on polystyrene 
beads can be observed. A noticeable difference in contrast of TEM images of PS-ZnO/TiO2 
hybrid particles and ZnO-TiO2 hollow spheres confirms that the produced particles are 
hollow in nature. Moreover, a close inspection of the TEM image (Figure 5.1.2b) of ZnO-
TiO2 hollow spheres reveals that the ceramic shell is composed of individual nanoparticles. 
The diameter of the obtained hollow spheres has been found to be 15-20 % less than that of 
uncalcinated PS-ZnO/TiO2 particles. This can be attributed to the sintering contraction of 
nanoparticles or further condensation/polymerization of molecular precursors upon 
calcination [Wan02a, Car99]. In order to further confirm the presence of both ZnO and TiO2 
nanoparticles in the shell of hollow spheres, samples have been analyzed by electron mapping 
image analysis and results are shown in Figure 5.1.2c and 5.1.2d. These images have been 
acquired by visualizing the inelastically scattered electrons in the energy loss windows 
(∆Eloss) of 930-1100 eV and 390-464 eV for “Zn” and “Ti” elements, respectively. The red 
500 nm 500 nm 
200 nm 200 nm 
a b 
c d 
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colored areas shown in Figure 5.1.2c and 5.1.2d indicate “Zn” and “Ti” enriched areas of the 
sample, indicating the presence of both ZnO and TiO2 in the shell of these hollow spheres.  
 
 
 
Figure 5.1.2: TEM images of (a) PS-ZnO/TiO2 hybrid particles and (b) ZnO-TiO2 hollow 
spheres. Electron energy loss (c) “Zn” and (d) “Ti” element mapping images of ZnO-TiO2 
hollow spheres. In Figure 5.1.2c and 5.1.2d, red color indicate “Zn” and “Ti” enriched areas 
of ZnO-TiO2 hollow spheres, respectively. 
Surface area and pore size distribution are important attributes of the hollow structures. 
These attributes are measured by the use of nitrogen adsorption/desorption isotherms at liquid 
nitrogen temperature and relative pressures (P/P0) ranging from 0.00-1.00. A typical isotherm 
for as synthesized ZnO-TiO2 hollow spheres is shown in Appendix 4a, which reveals a IV 
type physisorption isotherm [Sin85] with an increase in nitrogen uptake at high relative 
pressure P/P0=0.9-1.0 and a wide hysteresis loop indicating a typical mesoporous materials 
[Wu07a]. This fact is consistent with the corresponding pore diameter distribution determined 
by the desorption isotherm (shown in Appendix 4b), which suggests that sample possesses a 
broad distribution of the pore size with an average diameter of 3-4 nm. The BET plot of 
fabricated ZnO-TiO2 hollow spheres is shown in Appendix 4c. From these results, the 
specific surface area was estimated as 59.63 m2/g, using the Brunauer-Emmett-Teller (BET) 
method [Bru38]. 
FTIR spectra of PS-ZnO/TiO2 hybrid particles and ZnO-TiO2 hollow spheres are 
illustrated in Figure 5.1.3a. In the case of hybrid particles, one can observe the presence of 
a b 
c d 
200 nm 200 nm 
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all the characteristic peaks of polystyrene including the C-H stretching band at around 3000 
cm-1, the aromatic C-C stretching band at around 1470 cm-1, the C-H out-of plane band at 765 
cm-1 and the aromatic C-C out-of-plane band at 700 cm-1. Aromatic overtones are visible in 
the range of 1700-2000 cm-1. After the calcination, all these characteristic peaks are no more 
visible in the IR spectra of ZnO-TiO2 hollow spheres (Figure 5.1.3a), indicating the complete 
removal of polystyrene core from these hollow spheres.  
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Figure 5.1.3: (a) FTIR spectra of PS-ZnO/TiO2 hybrid particles and ZnO-TiO2 hollow 
spheres. (b) TGA scans of neat PS beads, PS-ZnO and PS-ZnO/TiO2 hybrid particles.  
Figure 5.1.3b presents TGA scans of uncoated, ZnO coated and ZnO-TiO2 coated 
polystyrene particles. In all cases, the weight loss below 300°C can be attributed to the 
removal of physically absorbed water and residual solvent of samples. The major weight loss 
between 325°C to 450°C can be assigned to the decomposition of the polystyrene core. A 
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slight weight loss which is visible only in the case of ZnO and ZnO-TiO2 coated polystyrene  
particles in the range of 460°C-580°C, can be associated with the decomposition of metal 
oxide bonded -OH and/or unhydrolysed –OR groups. Moreover, these data reveal ZnO and 
TiO2 contents of PS-ZnO/TiO2 hybrid particles as 15.8 wt % and 13.0 wt %, respectively. 
X-ray diffraction pattern of PS-ZnO/TiO2 hybrid particles (shown in Figure 5.1.4) 
indicates that almost only amorphous phase of titania is precipitated on the surface of PS-
ZnO hybrid particles during the coating process. However, one can observe a weak reflection 
at 29.10° attributable to the presence of a small fraction of either brookite or rutile phase of 
titania nanoparticles [Bok95, Kum94]. It should be noted that XRD pattern of pure PS-ZnO 
hybrid particles (show in Figure 3.2.5b in Chapter 3) revealed characteristic diffraction 
peaks from crystalline wurtzite structure of ZnO, which have disappeared after the coating of 
TiO2 layer. After the heat treatment of PS-ZnO/TiO2 hybrid particles at 550 °C, fabricated 
ZnO/TiO2 hollow spheres displays crystalline peaks in XRD pattern suggesting that 
amorphous titania has been transformed into the crystalline one during calcination process. 
All the peaks of this pattern can be indexed to a pure hexagonal anatase phase of TiO2, with 
calculated cell constants of a = b = 3.785 Å and c = 9.514 Å. The peak intensities and peak 
positions are in good agreement with literature [Bry04]. In addition, additional reflection 
peaks from the rutile phase can also be observed (as indicated by “R”). It can be attributed to 
the transformation of a fraction of the anatase phase into the rutile one during calcination at 
higher temperature [Cam92]. It is worth mentioning that no peaks from intermediate 
compounds of ZnO and TiO2 phases have been observed in XRD analysis, excluding the 
occurrence of the unwanted chemical reactions between these two phases of ceramic shell. 
Moreover, one can observe that XRD pattern of hollow titania spheres exhibits a noticeable 
background, which reveals presence of the amorphous titania phase still in this sample. It 
could be attributed to the presence of organic residue in the hybrid particles, which might 
have obstructed the coagulation of titania nanoparticles, resulting in their restricted/imperfect 
crystallization [Zha04]. Similar to the PS-ZnO/TiO2 hybrid particles, no ZnO peaks have 
been observed in the XRD pattern of ZnO-TiO2 hollow spheres. Since XRD measurements 
were carried out in the transmission mode, therefore absorption of X-rays while passing 
through the 3 mm thick powder filled in the sample holder can be reasoned to the absence of 
ZnO crystalline peaks. In addition, size of ZnO crystallites may be smaller than those of the 
TiO2 crystallites, which may lead to the overlapping of ZnO crystalline peaks with those from 
TiO2 and/or background. 
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Figure 5.1.4: XRD patterns of PS-ZnO/TiO2 hybrid particles and ZnO-TiO2 hollow spheres. 
5.1.3.2 Photocatalytic activity of ZnO-TiO2 hollow spheres: To demonstrate the 
photocatalytic activity, a time dependent photo degradation of methyl orange dye was 
investigated in the presence of fabricated ZnO-TiO2 hollow spheres. The progress in photo 
degradation with irradiation time was monitored by analyzing the UV-visible spectra of 
reaction solutions, taken out at different time intervals and results are shown in Figure 
5.1.5a. The intensity of absorption peaks at 465 nm has been found to decrease gradually 
with increasing the exposure time, indicating the photocatalytic degradation of the dye. 
Figure 5.1.5b shows a comparison of the rate of photo degradation of methyl orange, carried 
out in the presence of TiO2 nanoparticles and ZnO-TiO2 hollow spheres. These results reveal 
that methyl orange can be photo degraded faster in the presence prepared ZnO-TiO2 hollow 
spheres than that of TiO2 powder. This can be attributed to the larger specific surface area of 
hollow spheres and coupling effect of ZnO and TiO2 on the photochemical degradation. The 
photocatalytic activity of ZnO-TiO2 hollow spheres could be further confirmed by a blank 
experiment, carried out in the absence of hollow spheres. As shown in Figure 5.1.5b the 
intensity of the absorption peak at 465 nm hardly changed in the absence of a photocatalyst 
even after the UV irradiation of the reaction media for 300 min.  
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Figure 5.1.5: (a) UV-VIS spectra of the aqueous solution of methyl orange dye after UV 
irradiation for different time periods in the presence of ZnO-TiO2 hollow spheres. (b) 
Variation in the intensity of the UV absorption peak at 465 nm as a function of the time for 
methyl orange dye degraded in the absence of photocatalyst and presence of TiO2 powder and 
ZnO-TiO2 hollow spheres. 
The mechanism of the photodegradtion of organic dyes in the presence of 
semiconductor nanoparticles can be described as follows: The conduction-band electrons 
(ecb) and valence-band holes (hvb+) are generated on the surfaces of metal oxide nanoparticles 
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as shown in Equation 5.1.1, under the illumination of UV light with energy greater than the 
band gap energy.  
+− +→+ VBCB heMOhMO (υ )     ............................................... (5.1.1) 
 
→→+ ++ *dyedyehVB Oxidation of the Dye  ............................................... (5.1.2) 
 
*
2 OHHOHhVB +→+
++
     ............................................... (5.1.3) 
 
*OHOHhVB →+
−+
      ............................................... (5.1.4) 
 
→+ dyeOH * Degradation of Dye   ............................................... (5.1.5) 
 
The oxidative potential of the hole (hvb+) in the catalyst permits the direct oxidation of 
organic dyes to reactive intermediates (Equation 5.1.2). In addition, a hole (hvb+) can react 
with water adhering to the surfaces of metal oxide nanoparticles or hydroxyl ions to form 
highly reactive hydroxyl radicals (Equation 5.1.3 and 5.1.4). The hydroxyl radical is an 
extremely strong oxidant which leads to the partial or complete degradation of several 
organic chemicals (Equation 5.1.5). 
−− →+ *22 OOeCB        ............................................... (5.1.6) 
 
**
2 OOdyedyeO −→+−       ............................................... (5.1.7) 
 
222
*
2
*
2 OOHHHOO +→++
+−
    ............................................... (5.1.8) 
 
Electron in conduction band (ecb-) on the catalyst surface can reduce molecular 
oxygen to superoxide radical anion (Equation 5.1.6). These radical ions may form organic 
peroxides in the presence of organic scavengers or hydrogen peroxide in reaction media as 
shown in (Equation 5.1.7 and 5.1.8). In addition, electrons in conduction band (ecb-) are 
also responsible for the production of hydroxyl radicals which are the primary cause of the 
degradation of organic dyes (Equation 5.1.5) [Dan04].  
5.1.4 Conclusions 
A template assisted approach for the fabrication of hollow spheres composed of a shell 
of the ZnO-TiO2 mixed metal oxides has been demonstrated. PS beads have been 
successively coated with ZnO and TiO2 layers to achieve the PS-ZnO/TiO2 hybrid particles. 
Calcination of these particles at 500 °C led to the fabrication of closed and intact ZnO-TiO2 
hollow spheres. The void size of these hollow spheres can effectively be controlled by 
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selecting the PS template particles of suitable diameter. Moreover, ZnO or TiO2 content as 
well as shell thickness of these hollow structures can be manipulated by tuning the employed 
concentration of Zn(Ac)2.2H2O and Ti(OEt)4 salts in reaction media. These hollow spheres 
are envisaged to be used as an effective photocatalyst for a number of photocatalytic 
reactions. It is believed that described protocol can be extended for the fabrication of a 
variety of mixed metal oxides or sulphides hollow spheres such as ZnO-ZnS, CdS-ZnS, TiO2-
CdS and SnO2-TiO2 etc. 
5.2 Magnetic Hollow Titania Capsules (Fe3O4-TiO2) 
5.2.1 Introduction 
In recent years, TiO2 has attracted much attention for the photocatalytic applications due 
to its excellent photochemical stability, low cost and non-toxicity [Fuj72, Oll93]. Owing to its 
high surface area, titania in the form of ultra fine powders can be expected to have a good 
catalytic activity but their separation from the reaction media after the detoxification process 
is a tedious, time consuming and expensive process. To overcome this problem, titania beads 
[Yam95], titania-based thin films [Kom01], or titania immobilized on inert and porous 
supported materials such as silica [Ili04], alumina [Din01], zeolites [Anp97], activated carbon 
[Ao04], or fibreglass [Mat87] have been proposed as alternative means. However, the 
photocatalytic activity of titania has been found to be drastically reduced after the 
immobilization on these supporting materials due to the reduction in the effective surface 
area and a low mass transfer rate. 
A number of studies have been reported on the fabrication of titania coated magnetic 
particles, which can not only offer a higher surface area to reactants as compared to the above 
mentioned supported catalysts but can also be easily recovered from reaction media, as well 
as fluidised by applying an external magnetic field [Bey00, Ats97]. Unfortunately, the 
catalytic activity of these materials has been found to be lower than that of the pure titania 
because of the direct contact between magnetic and titania phases [Bey00, Lee04]. A number 
of reasons have been given to explain this decrease in photoactivity including unfavorable 
electronic heterojunction between TiO2 and iron oxide, leading to electron hole 
recombination and photo dissolution of Fe3O4 phase under the UV-illumination [Lit94]. 
Additionally, the formation of mixed iron/titanium oxide (psuedobrookite Fe3TiO5), anatase 
to rutile phase transformation in presence of Fe3O4 and diffusion of Fe ions into titania 
coating during heat treatment have also been reported to contribute to the decrease in 
photoactivity [Bey00, Lee04, Lit94]. Moreover, sometimes oxidation of Fe3O4 during 
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calcination process has also been reported leading to the deterioration of magnetic properties 
of the systems [Bey00]. Thermal studies on magnetically responsive photocatalysts have 
revealed the complexity of the solid state chemistry and the intricate microstructure 
transformations in these systems, which occur due to the strong chemical interactions 
between magnetic and titania phases [Hua97, Bic94]. The occurrence of these processes has 
been found to be dependent on a number of factors such as iron content, temperature of 
calcination, and in particular the method of synthesis [Nav99]. In order to circumvent these 
problems, in the next generation of magnetic photocatalysts, the magnetic core and titania 
shell have been separated with an intermediate layer. For example Beydoun et al [Bey02, 
Bey02a] employed a SiO2 layer between the Fe3O4 core and TiO2 shell to avoid the photo 
dissolution and undesirable chemical interaction between the core and shell. Similarly, Chung 
et al [Chu04] synthesized NiFe2O4 coated with TiO2 using SiO2 as intermediate layer by 
multistep ultrasonic spray pyrolysis. However, it has been realised that these thin 
intermediate layers could not protect the magnetite core from annealing during heat 
treatment, and hence, deterioration in magnetic properties of these systems has still been 
observed. Moreover, these preparation routes have been found to be relatively complicated, 
expensive and time consuming. The synthetic protocols for highly efficient magnetic 
photocatalysts with simple fabrication routes and low cost precursors are still apparently of 
great significance. 
In this second part of Chapter 5, fabrication of magnetic hollow titania capsules 
(MHTCs) by exploiting the template assisted protocol [Car98] has been discussed. The 
employed synthetic process involves three steps (as shown in Scheme 5.2.1): (1) 
encapsulation of magnetite nanoparticles into polystyrene (PS) beads by miniemulsion 
polymerisation (2) templating of the titania nanoparticles against magnetic PS beads and (3) 
removal of the PS core from the titania coated magnetic PS beads by the heat treatment. The 
motivation of this study was to design a magnetically responsive photocatalytic system, 
which is free from the above mentioned problems, and can offer the excellent magnetic and 
photocatalytic properties. The encapsulated Fe3O4 nanoparticles render magnetic properties to 
these hollow capsules, making them easily separable from solution by an external magnetic 
field, whereas the porous anatase titania shell provide them photocatalytic activity to destroy 
organic contaminants in waste water. The described approach has the following advantages 
over the previously reported protocols for the fabrication of magnetically separable 
photocatalysts: (1) owing to the porosity of titania shell, produced MHTCs offer higher 
surface area (inner and outer) for the photo catalytic reactions as compared to those of 
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magnetic titania core-shell particles, (2) they are easy and fast to recover from reaction media 
because of high content of encapsulated superparamagnetic Fe3O4 nanoparticles, (3) the 
possibility of unwanted chemical interactions between Fe3O4 and titania phases, diffusion of 
Fe ions into the titania coating and accelerating effect of Fe3O4 on transformation of  anatase 
to rutile phase during heat treatment are drastically reduced by encapsulating the Fe3O4 
nanoparticles in the PS beads and avoiding the direct contact between these two phases 
[Bey00], (4) the described approach offers the flexibility of varying the titania and magnetite 
contents of capsules by changing the reaction parameters. 
 
Scheme 5.2.1: Schematic diagram of the fabrication of magnetic hollow titania capsules 
(MHTCs). 
5.2.2 Experimental 
Materials: Ferric chloride (FeCl3) (97%), ferrous chloride tetrahydrate (FeCl2.4H2O) 
(99%) and potassium peroxodisulfate (KPS) (99%) were purchased from Fluka and used as 
received. Titanium ethoxide [Ti(OEt)4] (85%) and ammonium hydroxide (28-30% NH3 in 
water) were obtained from Acros and used without additional purification. Acetic acid 
(CH3COOH) (100%) was purchased from Merck and used as received. Octane (98%), 
hexadecane (99%), sodium dodecyl sulfate (SDS) (97%) and oleic acid (90%) were obtained 
from Aldrich and used without additional purification. Acrylic acid and styrene were 
purchased from Aldrich and distilled under reduced pressure before use. Ultrapure Millipore 
water was used as the solvent throughout.                                                                             
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Synthesis of magnetite nanoparticles: Magnetite nanoparticles were synthesized by the 
co-precipitation method from an aqueous Fe3+/Fe2+ solution (ratio 3:2) [Ram03]. In a typical 
process, 14.6 g FeCl3 and 12.0 g FeCl2.4H2O were dissolved in 50 ml distilled water and 
subsequently added with 40 ml ammonium hydroxide rapidly. After co-precipitation of 
magnetite nanoparticles, oleic acid (22.2 wt % of magnetite) was added into the reaction 
media and resulting suspension was heated to 70 °C for 30 min. Reaction temperature was 
increased to 110 °C to evaporate water and excess of ammonium hydroxide from reaction 
media. Finally, resulting black lump-like residue was cooled down to room temperature, 
washed with distilled water several times and dried in a vacuum oven. 
Synthesis of magnetic polystyrene beads: The magnetic nanoparticles were 
encapsulated into the PS beads by miniemulsion polymerisation as described by Ramirez et al 
[Ram03]. In the first step, a water based dispersion of magnetite nanoparticles was prepared 
as follows:  2.5 g of magnetite nanoparticles dispersed into the 15 g of octane were added into 
an aqueous solution of 0.175 g SDS in 60 g water. After stirring for 1 h, the reaction mixture 
was sonicated twice for 2 min at 90% amplitude with a Branson sonifier W450 digital in an 
ice cooled bath. After carefully evaporating the octane at 80 °C for 8 h, while adding 2 ml of 
water at every 30 min, a stable water-based ferrofluid was obtained.  
In the second step, a styrene miniemulsion was prepared as follows: 6.0 g styrene and 
250 mg hexadecane were added into the aqueous solution of 72 mg SDS dissolved in 24 g 
water. After stirring for 1 h for the pre-emulsification, the miniemulsion was obtained by 
sonication for 2 min at 90% amplitude with a Branson W450 digital sonifier in an ice-cooled 
bath. Finally, for encapsulating the Fe3O4 nanoparticles into PS beads, styrene miniemulsion 
and the water-based magnetite dispersions as obtained from above two steps were mixed with 
each other in 1: 2 weight ratio of magnetite to monomer. The resulting mixture was co-
sonified twice for 1 min at 50% amplitude in an ice-cooled bath and placed into the double 
wall glass reactor, equipped with magnetic stirrer, temperature controller and water 
condenser. To initiate the polymerisation process, 20 mg KPS dissolved in 2 g water were 
added into the reaction media and the temperature was increased to 80 °C. After 40 min 100 
mg of acrylic acid were added to functionalise the PS beads and the reaction mixture was 
allowed to stir for 24 h. 
Fabrication of magnetic hollow titania capsules (MHTCs): To prepare MHTCs, 
magnetic PS beads were coated with titania nanoparticles and subsequently heat treated at 
elevated temperature. In a typical process, 0.4 g of titanium ethoxide was mixed into 10 g of 
extra pure ethanol and the mixture was refluxed at 70°C for 2 hrs. Subsequently, 1 g aqueous 
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dispersion of magnetic PS beads (18% solid content) as obtained above, was injected into the 
reaction media followed by the addition of 4-5 drops of glacial acetic acid. After reacting for 
20 hrs, titania coated magnetic PS particles were cleaned by three cycles of centrifugation/re-
dispersion in each ethanol and water, respectively and dried at room temperature in a vacuum 
oven. Finally, PS cores were removed from these particles by calcination at 550 °C for 30 
minutes resulting into the formation of MHTCs. 
5.2.3 Results and Discussion 
5.2.3.1 Magnetic polystyrene beads: Magnetic PS beads functionalised with acrylic 
acid have been prepared by the miniemulsion polymerisation of styrene (ST) in the presence 
of water based dispersion of magnetite nanoparticles. As described by Ramirez et al 
[Ram03], this process led to the encapsulation of high magnetite content (∼30%) in the PS 
beads, which is desirable to facilitate the easy removal of photocatalyst from reaction media. 
Firstly, a water based dispersion of hydrophobic magnetite aggregates was prepared using 
SDS as surfactant. Subsequently, this dispersion was mixed with the styrene miniemulsion 
and polymerisation was carried out as discussed in experimental section. The detailed 
description of the encapsulation process can be found in the reference [Ram03]. The scope of 
present study was to focus on the fabrication of the MHTCs exploiting a template assisted 
protocol. Figure 5.2.1a shows SEM image of magnetic PS beads, indicating that particles are 
spherical in shape with 60-70 nm size and having quite smooth surfaces. The apparent 
aggregation of magnetic PS particles might have taken place during the drying and/or due to 
the physical interaction among themselves, as these particles are functionalised with acrylic 
acid. TEM image, shown in Figure 5.2.1b confirms the presence of magnetite nanoparticles 
inside the PS beads. The dark dots, in light background of the PS, indicate the encapsulated 
magnetite nanoparticles within 5-7 nm size range. 
5.2.3.2 Titania coated magnetic polystyrene beads: In order to prepare the titania shell 
on magnetic PS beads, Ti(OEt)4 salt has been hydrolysed in the presence of glacial acetic 
acid. Figure 5.2.1c and 5.2.1d illustrate SEM and TEM images of titania coated magnetic PS 
beads. These results reveal presence of a thick and complete but irregular titania shell on 
magnetic PS core. After the coating process, particles are no more spherical in shape and 
have developed rough surfaces. TEM image (shown in Figure 5.2.1d) illustrates that particle 
size has increased from 60 nm (uncoated magnetic PS beads) to 135 nm after coating process, 
suggesting 37.5 nm thickness of precipitated titania shell (thickness of the deposited titania 
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shell is estimated as half of the increment in total diameter of the particles after coating 
process).  
 
 
Figure 5.2.1: (a) SEM and (b) TEM images of magnetic PS beads with 30 % magnetite 
content. In Figure 5.2.1b, dark dots confirm presence of the 5-7 nm size Fe3O4 nanoparticles 
encapsulated into a PS bead. (c) SEM image of titania coated magnetic PS beads. Inset shows 
a titania coated magnetic PS particle (scale bar 100 nm). (d) TEM image of a titania coated 
magnetic PS particle revealing the presence of a thick and rough titania shell on PS bead. 
The physical interaction between -COOH groups, located on the surface of colloidal 
templates and titania precursors (formed in reaction media) is the driving force for 
precipitation of titania layer on magnetic polystyrene beads. A detailed mechanism, involved 
in the precipitation of titania shell on functionalised PS beads is given in Section 4.1.3 of 
Chapter 4. Moreover, one can observe from Figure 5.2.1c that titania coated magnetic PS 
beads are aggregated similar to the titania coated magnetic particles reported by Beydoun et 
al [Bey00]. However, a number of the non aggregated particles have also been observed. 
Inset of Figure 5.2.1c shows SEM image of such a non-aggregated titania coated magnetic 
polystyrene particle. Deviation from the spherical shape and aggregation of these particles 
can be attributed to the high reactivity of the titania precursor and the small size (60-70 nm) 
of the employed template particles. It is well known that high reactivity of titanium alkoxide 
leads to the uncontrolled precipitation of titania nanoparticles on PS beads, especially when 
the deposited titania content is higher than 20 % [Han96]. In the present case, titania content 
has been estimated as 30 % by TGA analysis (described later in Figure 5.2.4a).  
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Figure 5.2.2: (a) SEM, (b) TEM and electron energy loss (c) “Ti” and (d) “Fe” element 
mapping images of MHTCs. In Figure 5.2.2a arrows indicate some open hollow capsules 
revealing their cavities while in Figure 5.2.2b they indicate Fe3O4 (dark area) and TiO2 (grey 
area) phases of MHTCs. In Figure 5.2.2c and 5.2.2d, red color indicate “Ti” and “Fe” 
enriched areas of MHTCs, respectively. 
5.2.3.3 Magnetic hollow titania capsules (MHTCs): It is well known that amorphous 
phase of titania, precipitated on magnetic PS core during the templating process, is almost 
inactive as a photocatalyst [Oht97]. Therefore heat treatment is an essential step in the 
preparation of photoactive MHTCs, which not only transforms the amorphous titania shell 
into a crystalline one but also removes the PS cores from titania coated magnetic PS particles. 
Figure 5.2.2a and 5.2.2b illustrate SEM and TEM images of MHTCs obtained after the heat 
treatment of titania coated magnetic PS beads at 550°C for 30 minutes. The temperature has 
been raised from 23 °C to 550 °C at a heating rate of 8 K/minutes. Figure 5.2.2a reveals that 
complete, closed and intact MHTCs have been fabricated after the calcination of titania 
coated magnetic PS particles. However a small fraction of open capsules can also be 
observed (shown by arrow in Figure 5.2.2a) revealing their cavities. Formation of these 
broken or open particles can be attributed to the evolution of degradation gases during 
calcination process and to the application of a high vacuum in SEM chamber during their 
analysis [Wan02]. 
Similar to the titania coated magnetic PS beads, the obtained MHTCs are also not 
spherical in shape. It should be underlined here that for catalytic applications, sphericity is 
not crucial.  An efficient catalyst should be capable of offering a high surface area to the 
100 nm 
200 nm 
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TiO2 
Fe3O4 100 nm 
200 nm 
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reactants. A close inspection of the TEM image of these MHTCs (shown in Figure 5.2.2b) 
reveals dark and grey areas (shown by arrows), which indicate magnetite nanoparticles and 
titania shell of MHTCs,  respectively. It is well known that the higher electron density of an 
element make it appear darker in TEM image. In addition, one can observe that the void size 
of MHTCs (shown in Figure 5.2.2b) is 100 nm which is higher than the size of employed PS 
template particles (60-70 nm). This could be explained by the fact that in some cases, the 
titania shell probably precipitated on the agglomerates of 2-3 individual magnetic PS beads 
during preparation of titania coated PS particles, leading to their void size in the range of 
120-180 nm. Subsequently, the size could have reduced to 100-110 nm during the heat 
treatment because of the shrinkage of titania shell [Car99].  
In order to further confirm the presence of magnetite particles in these MHTCs, samples 
were analyzed by electron energy loss mapping analysis and the results are shown in Figure 
5.2.2c and 5.2.2d. In this analysis, when electron beam is incident into a specimen, a part of 
the electrons is inelastically scattered and loses a fraction of the energy. The distribution of an 
element in specimen is elucidated by selecting and imaging the electrons with a specific 
energy loss. A detailed description of the phenomena involved can be found in the literature 
[Car99a]. For “Ti” and “Fe” elements, electron mapping images (shown in Figure 5.2.2c and 
5.2.2d, respectively) have been acquired by visualizing the inelastically scattered electrons in 
the ranges of the energy loss (∆Eloss) of 390-464 eV and 660-718 eV, respectively. These 
energy loss windows cover the L2.3 edges of the respective elements. The red colored areas 
shown in Figure 5.2.2c and 5.2.2d indicate “Ti” and “Fe” enriched areas of MHTCs. 
Appearance of the red dots in “Fe” mapping image confirms presence of magnetite particles 
in this sample. Similarly, “Ti” mapping image proves presence of a continuous titania shell in 
these MHTCs. 
It has been shown in the past that heat treatment applied during the synthesis of iron/ 
iron oxide-doped titania particles has a great influence on the photo catalytic activity of the 
final material [Pul95, Nav92]. Previously reported studies on the processes involved in the 
heat treatment of these particles, have revealed that an increase in heat treatment temperature 
or time leads to the deterioration of their photo catalytic activity [Pul95, Nav92]. For single-
phase titania
 
powders, this loss could be attributed to the decrease in the surface hydroxyl 
(OH) groups and/or residual organic (OR) groups with an increase in calcination temperature 
or time. On the other hand, for the iron/iron oxide-doped titania powders, the photocatalytic 
loss could be due to unwanted chemical reactions between the titania and magnetite phases, 
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diffusion of the “Fe” ions into the titania shell and anatase to rutile phase transformation 
[Bey00, Lee04, Lit94]. Apart from calcination temperature and time, the occurrence of these 
processes have also been found to be dependent on the iron/iron oxide content and employed 
method for their synthesis [Bic94]. Taking into consideration all these facts, titania coated 
magnetic PS particles have been calcinated at 550 °C, only for 30 minutes. As reported by 
Beydoun et al [Bey02], these heat treatment parameters are sufficient to transform amorphous 
titanium dioxide into a photoactive anatase crystalline phase. Figure 5.2.3a displays the X-
ray diffraction pattern of MHTCs obtained after the calcination of titania coated magnetic PS 
beads. The diffraction peaks appeared in this XRD pattern can be indexed to a hexagonal 
anatase phase of TiO2, with calculated cell constants of a = b = 3.785 Å and c = 9.514 Å. The 
peak intensities and peak positions are in good agreement with expected literature values 
(JCPDS File No. 21-1272) [Bry04]. In addition, reflection peaks at the 2θ values of 30.093°, 
35.421°, 43.050°, 56.940° and 62.51° can be indexed with the characteristic peaks from the 
magnetite (Fe3O4) phase. These results are consistent with the X-ray database JCPDS-IC 72-
2303 [Tur06]. Absence of characteristics peaks from pseudobrookite (Fe3TiO5) and Fe2O3 
phases in XRD pattern of MHTCs confirms that design of the described photocatalytic 
system and employed calcination conditions do not only limit the unwanted chemical 
interactions between these phases but also has the potential to protect the encapsulated 
magnetite nanoparticles against oxidation [Bey00]. Furthermore, appearance of reflections 
from anatase phase of titania proves that the fabricated MHTCs can effectively be used as 
photocatalyst in a variety of photochemical reactions [Fuj72, Oll93, Fox93]. However, a 
small fraction of anatase phase has been transformed into the rutile phase as one prominent 
reflection peak of this crystalline structure at 27.42° can be observed [Bey00]. Above 500 °C, 
this phase transformation can be expected due to the metastability of anatase phase [Cam92]. 
Appearance of a noticeable background in this XRD pattern reveals the presence of 
amorphous titania phase still in this sample [Zha04]. This could be attributed to the fact that 
the presence of PS beads obstructed the coagulation of TiO2 nanoparticles, thus resulting in a 
more restricted/imperfect crystallization of TiO2 shell during the calcination process. 
Figure 5.2.3b illustrates magnetization curves for the titania coated magnetic PS beads 
and MHTCs, taken at 298 K. One can observe that both the samples do not show hysteresis, 
and hence, exhibit the superparamagnetic behaviour, desirable for their easy and fast removal 
from the reaction media by an external magnetic field. It is important to point out that the 
magnetization values are given in emu/g, i.e. considering the total weight of PS core, titania 
shell and magnetite nanoparticles.  
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Figure 5.2.3: (a) XRD pattern of MHTCs (where M, A and R indicate reflection peaks from 
magnetite, anatase and rutile phases, respectively) and (b) magnetization curves for titania 
coated magnetic PS beads and MHTCs measured at 298 K. Inset shows that synthesized 
MHTCs can easily be attracted from their water dispersion by applying an external magnetic 
field. 
The magnetization saturation values for titania coated magnetic PS beads and MHTCs 
have been estimated as 5.6 emu/g and 8.1 emu/g, respectively, which are significantly below 
than 92 emu/g for pure Fe3O4 particles [Han94]. The low magnetization could be most likely 
attributed to the presence of non magnetic components in the samples. In addition, it can also 
be correlated with the small size (5-7 nm) of encapsulated Fe3O4 nanoparticles as it is well 
known that magnetic behaviour of Fe3O4 is very sensitive to the particle size [Bic99, Goy03]. 
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Recently, similar results have been reported by Wu et al [Wu07] for magnetic hollow silica 
particles and Cheng et al [Che07] for the Fe3O4 and Fe3C (iron carbide) nanoparticles 
embedded into the carbon nanotubes matrix. The increase in saturation magnetization value 
after the heat treatment can be attributed to the weight loss of the particles due to elimination 
of PS core and condensation of the amorphous titania shell. In comparison to the magnetic 
hollow silica spheres reported by Zheng et al [Zhe07] and Arruebo et al [Arr06], these 
MHTCs are superparamagnetic in nature and possess two to three fold higher saturation 
magnetisation values. The superparamagnetic nature of the obtained MHTCs indicates that 
they would not tend to agglomerate heavily in the reaction media at least by magnetic 
interactions among themselves in the absence of external magnetic field, and hence, would 
offer relatively large surface area to reactants. After the photocatalytic reactions, these 
capsules can easily be separated from solution by applying an external magnetic field. Inset 
of Figure 5.2.3b illustrates that fabricated MHTCs can be easily manipulated in a water 
solution by an external magnetic field. It has been observed that MHTCs required few 
seconds to be aggregated on the wall of a glass bottle under the magnetic field of 1T.  
Figure 5.2.4a presents TGA scans of uncoated and titania coated magnetic PS particles. 
These data reveal encapsulation of 29.57 wt % magnetite nanoparticles in PS beads during 
the miniemulsion polymerization. In addition, TGA scan of titania coated magnetic PS beads 
indicates titania content as 28.12 wt %. In both cases, the weight loss stage below 350°C is 
the result of the evaporation of physically absorbed water and residual solvent in samples. 
The major weight loss between 360°C to 475°C can be attributed to the decomposition of PS.   
To ensure the complete removal of PS core from titania coated magnetic PS beads after the 
calcination process, samples were analyzed by IR spectroscopy. Figure 5.2.4b illustrates IR 
spectra of magnetic PS beads before and after the titania coating as well as of MHTCs. In the 
case of magnetic PS beads, one can observe presence of C-H stretching band at 3000 cm-1, 
aromatic C-C stretching band at 1470 cm-1, C-H out-of plane band at 765 cm-1 and aromatic 
C-C out-of-plane band at 700 cm-1. Additionally, aromatic overtones can be observed in the 
range of 1700-2000 cm-1. All these peaks are characteristic peaks of the PS core. A strong 
band at 620 cm-1 characteristic of the vibrations from crystalline lattice of nanocrystalline 
magnetite [Yu00, Grz02], further confirms the presence of Fe3O4 nanoparticles in PS beads. 
After the titania coating on magnetic PS beads, appearance of a broad band in the range of 
2800–3500 cm-1 can be associated to the stretching vibrations of the hydrogen bonded –OH 
groups of titanium hydroxide and adsorbed water molecules [Pri71]. In the case of MHTCs, 
one can observe that all the characteristic peaks from PS have disappeared, suggesting the 
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complete removal of PS core from titania coated magnetic PS beads during heat treatment. In 
addition, absence of a broad band in the range of 2800–3500 cm-1 in IR spectra of MHTCs 
indicates the removal of physically adsorbed water and condensation of titanium hydroxide 
after the calcination. A strong band at 520-720 nm in same spectrum can be ascribed to the 
vibrations from the crystalline lattices of magnetite as well as anatase and rutile titania phases 
[Bob64]. 
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Figure 5.2.4: (a) TGA scans of magnetic PS beads before and after the titania coating. (b) IR 
spectra of magnetic PS beads before and after the titania coating and MHTCs. 
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To confirm the porous nature of fabricated MHTCs, surface area and porosity 
measurements were carried out by the use of nitrogen adsorption/desorption isotherms 
[Bru38]. Appendix 5a reveals that MHTCs follow a typical IV type physisorption isotherm 
[Sin85]. An increase in nitrogen uptake at high relative pressure P/P0=0.9-1.0 and a wide 
hysteresis loop can be observed, which suggest that fabricated particles are mesoporous in 
nature [Wu07a]. The pore diameter distribution curve and BET plot are shown in Appendix 
5b and 5c, respectively. Following the Brunauer-Emmett-Teller (BET) method [Bru38], the 
specific surface area and the average pore diameter for these hollow structures were 
estimated as 22.95 m2/g and 4 nm, respectively. 
5.2.4 Conclusions 
Fabrication of MHTCs, exploiting the template assisted protocol has been demonstrated. 
Magnetite nanoparticles have been encapsulated into the PS colloidal particles by 
miniemulsion polymerisation of styrene in the presence of water based dispersion of 
hydrophobic magnetite nanoparticles. Resulting magnetic PS beads have been used as 
template to achieve the titania coated core-shell particles. Calcination of these particles at 
elevated temperature resulted into the fabrication of MHTCs composed of superparamagnetic 
magnetite nanoparticles confined within a thick and porous anatase titania shell. These 
MHTCs could be used as a photocatalyst in a variety of photochemical reactions with the 
ease in their agitation in the reaction media and subsequent separation after the termination of 
photochemical reactions by applying an external magnetic field. 
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Chapter 6: Preparation of Hybrid Microgels 
6.1 Introduction 
Since the pioneering work of Pelton et al [Pel86], there has been significant interest 
surrounding the synthesis of smart microgels, which can undergo the volume phase transition 
by external stimuli (e. g. temperature, pH, ionic strength etc.) [Hu95, Fun98]. There exist a 
variety of polymeric microgels that exhibit such stimuli responsive behavior, but the most 
intensively studied ones are based on poly(N-isopropylacrylamide) (PNIPAm) [Ber05], 
poly(N-vinylcaprolactam) (PVCL) [Boy03], poly(acrylic acid) (PAA) [Bro02], 
poly(methacrylic acid) (PMA) [Eic00], and poly(2-(diethylamino)ethyl methacrylate) 
(PDEAEMA) [Ama04]. Due to the stimuli responsive properties, these polymeric particles 
have been seen as promising materials for a number of cutting edge applications including 
drug delivery, chemical separation systems, chemical and bio-sensors, micro-mechanical and 
optical devices, photonic crystals and so on [Jeo97, Cai01, Kra01] One intriguing feature that 
can increase the potential applications of these polymeric materials is the possibility to use 
them as nano/micro templates for the preparation of hybrid materials. Such hybrid materials 
loaded with inorganic nanoparticles (NPs) on the surface or inside the microgels, exhibit 
structural hierarchy (structures on more than one scale) and offer a unique combination of the 
properties with potential applications. Presently, a large variety of templates including 
polymer brushes [Gup08], biological macromolecules [Beh06], latex particles [Tis01, Tis02] 
mesoporous inorganic materials [Gho03], dendrimers [Esu00], colloidal systems [Shc03] and 
ion-exchange resins [Zio92] have been successfully employed for the preparation of 
multifunctional hybrid materials. However, in comparison to these systems, microgels offer a 
number of crucial advantages such as simple synthesis, easy functionalization and a 
possibility of tuning the particle dimension from few nanometers to several micrometers. 
Moreover, as mentioned earlier, these polymeric materials can undergo a large volume 
transition in response to a variation in external stimuli [Hu95, Fun98]. 
In general, two different strategies have been employed for the preparation of hybrid 
colloidal particles; one is the incorporation of preformed metal/metal oxide NPs exploiting 
the interactions between capping agents of NPs and specific groups of the templates. 
However, this approach has been reported to be accompanied with certain disadvantages such 
as (1) it is difficult to achieve a high loading of NPs into the templates [Xu02] (2) very often 
it leads to a change in properties of incorporated NPs and (3) aggregation of the NPs and/or 
templates [Rog00]. In an alternative approach, in-situ synthesis of inorganic NPs is performed 
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in the presence of polymeric template. The interaction of nanoparticles’ precursors with 
certain functional groups of the templates has been envisaged as the driving force for the 
preparation of hybrid particles. This approach has a two-fold advantage over the previous 
one: the use of polymeric template as the micro reactors and the production of a material with 
structural hierarchy. A great deal of efforts has been devoted to the preparation of hybrid 
microgels employing this protocol [Zha04a, Ret07]. However, control over size, shape and 
quality of the NPs is difficult to achieve with this approach as well. These drawbacks limit 
potential applications of hybrid microgels, especially when NPs show size-dependent 
properties, such as absorption, luminescence [Vla97] or magnetic properties [Eas94].  
A number of studies have been reported in the literature on the synthesis of hybrid 
microgels loaded with a variety of metal NPs such as Au [Mos00], Ag [Pic06], Pd [Mei07] 
and Pt [Pal07] or metal oxides (Fe3O4, Fe2O3) [Rog00, Ret07] sulphide and other inorganic 
materials (CdS, CuS, ZnS, CdTe, SiO2, and CaCO3) [Xu03, Li06, Fuj05]. However, 
investigations on the preparation and characterization of hybrid microgels containing ZnO 
NPs have never been explored. Among all semiconductors, ZnO is a technologically 
important material exhibiting quantum confinement effects in experimentally accessible size-
range. Incorporation of this multifunctional material into stimuli responsive microgels may 
result in hybrid materials, which can be used in a broad spectrum of potential applications.  
In the present Chapter, fabrication of hybrid microgels by incorporating the inorganic 
nanoparticles into the polymeric microgel templates is discussed. Two typical polymers with 
thermo sensitivity such as poly (N-vinylcaprolactam-co-acetoacetoxyethylmethacrylate) 
(PVCL-AAEM) and poly (N-isopropylacrylamide) PNIPAm were used to demonstrate the 
feasibility in general for using the microgels to prepare hybrid systems. In the first part of 
present Chapter, incorporation of ZnO NPs into PVCL-AAEM microgels is described. The 
motivation was to prepare the hybrid particles, exhibiting the unique combination of the 
attractive physicochemical properties of polymers and inorganic materials. It has been found 
that polymeric templates could preserve their critical properties even after the incorporation 
of ZnO nanoparticles. Additionally, well-controlled reaction process allowed to tune the 
loading amount of ZnO nanoparticles into polymeric networks and thus to modulate the final 
properties of obtained hybrid particles. In the second part of this Chapter (Section 6.3), 
deposition of –NH2 functionalised CdTe nanoparticles on the surface of –COOH 
functionalised PNIPAm microgel particles is discussed. Even though that a number of studies 
have already been reported on the preparation of PNIPAm-CdTe hybrid microgels [Gon05, 
Li06], unlike to the previously reported results on this system, in the present study, a 
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reversible and temperature dependent on-off photoluminescence behavior of the deposited 
quantum dots in the region around lower critical solution temperature (LCST) of PNIPAm 
template, has been observed. Such switching behaviour may be used for applications where 
thermosensitive optical sensors are needed.  
6.2 Poly (N-vinylcaprolactam)-Zinc Oxide (PVCL-ZnO) Hybrid 
Microgels 
6.2.1 Experimental 
Materials: All the chemicals were of analytical grade and purchased from Aldrich. 
Acetoacetoxyethyl methacrylate (AAEM) was passed through a column to remove the 
inhibitor and then vacuum distilled under nitrogen before use. N-vinylcaprolactam (VCL) 
was purified by vacuum distillation. Zinc acetate dihydrate [Zn(Ac)2.2H2O], 2,2’-azobis-(2-
methylpropyonamidine) dihydrochloride (AMPA) and N,N’-methylene-bis-acrylamide (BIS) 
were used as received. Millipore water was employed as polymerisation medium. 
Synthesis of Microgels: PVCL-AAEM microgel particles were synthesized by a 
surfactant-free radical copolymerisation as described elsewhere [Boy03]. In a typical process, 
0.16 g of AAEM, 1.98 g of VCL and cross-linking agent BIS (3 mol % of monomer) were 
mixed into 145 mL of Millipore water and resulting mixture was placed in a double-wall 
glass reactor equipped with a stirrer and a reflux condenser. The reaction solution was 
mechanically stirred at 70 °C under nitrogen atmosphere for 1 h. At this point, 5 mL of 
aqueous AMPA solution (5 g/L) was injected into reaction media to start the polymerisation 
process. After reacting for 8 hrs, the obtained microgel dispersion was purified by dialysis 
using the Millipore dialysis system (cellulose membrane, MWCO 100 000). 
Synthesis of Microgels loaded with ZnO: A given amount of Zn(Ac)2.2H2O salt (as 
shown in Table 6.2.1) was added into 10 mL 2-propanol and the resulting mixture was 
magnetically stirred at 20 °C. After 10 min, the reaction temperature was raised to 55 °C and 
the solution was stirred for another 20 min to dissolve the Zn(Ac)2.2H2O salt in 2-propanol. 
Subsequently, the reaction mixture was cooled to 20 °C and 0.5 g aqueous dispersion of 
PVCL-AAEM microgel particles was injected into the reaction media. After 10 min., 0.3 ml 
of 1M aq. NaOH solution was added into the reaction mixture followed by stirring for 30 
min. Finally, the obtained hybrid microgel dispersion was removed from the reactor and 
purified by dialysis with the Millipore dialysis system (cellulose membrane, MWCO 100 
000). 
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Table 6.2.1: Ingredients used for the synthesis of hybrid microgels 
Sample Aqueous Dispersion 
of Microgel 
[g] 
Zn(Ac)2 .2H2O 
[mM] 
ZnO Content  
[wt %] 
1 0.5 0.48 5  
2 0.5 0.88 9.13 
3 0.5 1.17 15.9 
6.2.2 Results and Discussion 
6.2.2.1 Poly (N-vinylcaprolactam) microgel particles: Temperature responsive 
microgel particles have been synthesized by the surfactant free free-radical copolymerisation 
of VCL and AAEM. It is well known that the reactivity ratio of VCL monomer is around 
0.036 which is significantly lower than those of the methacrylate monomers [Qiu06]. Due to 
this high reactivity, AAEM co-monomer is consumed relatively fast during the 
copolymerisation process, and hence, the resulting particles are composed of an AAEM rich 
core and a PVCL rich shell [Boy03]. Suzuki et al [Suz06] reported the synthesis of a 
copolymer composed of glycidyl methacrylate (GMA) core and poly (N-
isopropylacrylamide) (PNIPAM) shell and described that the difference in reactivity ratios of 
these two monomers led to a core-shell morphology of the resulting microgel particles. 
Similarly, Hain et al [Han07] reported that a relatively high reactivity of the methacrylate 
monomer is responsible for the core-shell morphology of a copolymer of VCL with GMA. 
The chemical structure of the PVCL-AAEM copolymer is presented in Figure 6.2.1.  
Dynamic light scattering measurements (described later in detail) reveal that PVCL-
AAEM microgel particles display a volume phase transition at 26 °C which is lower than that 
of the pure PVCL (36 °C) [Boy03]. This decrease in LCST can be attributed to the fact that 
the employed co-monomer AAEM is relatively more hydrophobic as compared to the VCL 
and does not display any temperature sensitivity. Suzuki et al [Suz06] and Debord et al 
[Deb03] also reported a decrease in the LCST of poly (N-isopropylacrylamide) after its 
copolymerisation with a hydrophobic monomer glycidyl methacrylate and tert-butyl 
acrylamide, respectively. Phase transition of the microgel particles is the result of the reduced 
hydrogen bonding between solvent and polymer as well as hydrophobic aggregation of the 
polymer chains. The temperature at which this occurs is dependent on the 
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hydrophobic/hydrophilic balance of the polymer, and hence, shifts towards lower value with 
the incorporation of hydrophobic AAEM monomer.  
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Figure 6.2.1: Chemical structure of PVCL-AAEM microgel. 
6.2.2.2 Poly (N-vinylcaprolactam)-ZnO hybrid microgel particles: In order to 
synthesize the hybrid microgels, a controlled hydrolysis of Zn(Ac)2.2H2O salt was carried out 
in the presence of PVCL-AAEM particles. The ZnO content of hybrid microgels has been 
varied by tuning the initial concentration of Zn(Ac)2.2H2O salt in the reaction media. 
According to the literature, the preparation of ZnO NPs takes place through the formation of 
positively charged complexes, which act as the precursors for the ZnO NPs [Hu03]. The 
interaction of ß-diketone groups of AAEM units and amide groups of the VCL units of 
polymeric templates with these positively charged precursors is probably the driving force for 
the incorporation of ZnO NPs inside the microgel templates. It is well known that ß-diketone 
and amide functionalities can easily be bound to metal ions species [Pow01, Bro05]. Similar 
type of chemical interaction between Zn+2 ions and ß-diketone groups has been observed 
during the preparation of polystyrene-ZnO hybrid particles with controlled morphology 
(Section 3.2.2 in Chapter 3).  
The size and surface morphology of the microgel particles loaded with different amount 
of ZnO NPs have been investigated by SEM and results are shown in Figure 6.2.2. These 
results reveal that the particles remain spherical in shape and nearly homogeneous in size 
even after the incorporation of ZnO NPs. Moreover, one can observe that pure microgel 
particles (Figure 6.2.2a) and hybrid particles loaded with low ZnO content (Figure 6.2.2b) 
have the tendency to stick with each other because of the partial chain interpenetration of the 
less cross-linked shell. As the ZnO content increases, the film formation tendency decreases 
and well separated particles can be observed as shown in Figure 6.2.2c and 6.2.2d.  
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Figure 6.2.2: SEM images of (a) pure microgels and hybrid microgels loaded with (b) 5 wt 
% (c) 9.13 wt % and (d) 15.9 wt % ZnO NPs. 
 
 
 
 
 
 
 
Figure 6.2.3: TEM images of (a) pure microgels and (b) hybrid microgels loaded with 9.13 
wt % ZnO NPs. (c) and (d) “Zn” element mapping images of the hybrid microgels loaded 
with 9.13 wt % ZnO NPs. Red and green dots in Figure 6.2.3c and 6.2.3d indicate Zn-
enriched areas of the sample. 
The incorporation of ZnO NPs into the microgel template was further examined by TEM 
analysis. Figure 6.2.3a and 6.2.3b show TEM images of PVCL-AAEM particles before and 
after the loading of 9.13 wt % ZnO NPs, respectively. One can clearly observe the ZnO 
inclusions in hybrid particles as the black dots on the lighter background of polymer 
templates. Apparent aggregation of ZnO NPs inside the hybrid microgels probably occurred 
during the drying of the samples. In order to examine the distribution of ZnO NPs inside the 
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hybrid microgels, samples have been characterised with electron mapping image (EMI) 
analysis and results are shown in Figure 6.2.3c and 6.2.3d. A detailed description of the 
phenomena involved is reported in the literature [Car99a]. In the case of Figure 6.2.3c, red 
dots indicate the “Zn” enriched areas in the light background of polymer template. Figure 
6.2.3d illustrates an inverse image of the same sample where only “Zn” enriched areas are 
visible as green dots. These results further prove the incorporation of ZnO NPs inside the 
microgel templates.  
Figure 6.2.4a shows the variation in hydrodynamic radii of microgel particles as a 
function of the ZnO contents, measured by DLS at 20 °C. One can observe that at 5 wt % 
loading of filler particles, the hybrid microgels display a decrease in diameter from 218 nm to 
190 nm. This reduction in size can be attributed to an effective interaction of the polymer 
network with the ZnO NPs. It is worth mentioning here that the pH of the aqueous dispersion 
of the hybrid microgels, employed for the DLS measurements was 7.5 and ZnO NPs possess 
a strong positive charge at this pH value as reported by Wang et al [Wan02b]. An interaction 
between positively charged ZnO NPs and electron rich functionalities of the polymer network 
i.e. ß-diketone groups of AAEM units and amide groups of VCL units, leads to the shrinkage 
of the hybrid particles. A further increase in loaded amount of ZnO NPs from 5 wt % to 16 wt 
% leads to a continuous increase in size of hybrid microgels as shown in Figure 6.2.4a. At 
lower loading level, the filler particles are located at a certain distance from each other within 
the polymer template. As the ZnO content increases this distance between the inclusions is 
reduced and the repulsion forces between charged ZnO filler particles begin to dominate 
leading to an increase in size of the hybrid microgels. In addition, it can be assumed that 
steric hindrance of the incorporated ZnO NPs also contributes to the increase in size of hybrid 
microgels at higher filler contents. Similar results have been observed by Pich et al [Pic04] 
for the incorporation of Fe3O4 and polypyrrole NPs into PVCL-AAEM microgels. 
In order to investigate the effect of the incorporation of ZnO NPs on the thermal 
sensitivity of PVCL-AAEM templates, the size of the obtained hybrid particles has been 
measured by DLS as a function of the temperature. Figure 6.2.4b illustrates the variation in 
swelling behaviour of pure and hybrid microgels in terms of the deswelling ratio (Vt/V0) with 
respect to temperature, where Vt and V0 are volumes of the microgel particles at given 
temperature and at 15 °C, respectively. These data clearly show that despite of the loading of 
ZnO NPs, the polymer network possesses enough freedom to display a variation in particle 
size as a function of temperature. In addition, one can observe an increase in the LCST of 
hybrid microgels with an increase in ZnO content (as shown in inset of the Figure 6.2.4b).  
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Figure 6.2.4: (a) Variation in diameter of microgel particles as a function of ZnO content, 
measured by DLS at 20 °C and pH 7.5 (b) Variation in deswelling ration (Vt /V0) of the pure 
and hybrid microgel particles as a function of the temperature. Inset depicts variation in the 
LCST of the microgel particles as a function of the ZnO content. 
In order to obtain the precise and quantifiable measure of the shift in LCSTs of hybrid 
microgels with ZnO content, the points of the inflection, obtained from the minima in the first 
derivative curve of Vt/V0 vs. temperature curves have been used. An increase in the phase 
transition temperature with the loading amount of ZnO NPs can be attributed to the repulsive 
interactions between the filler particles located inside the microgel templates, which suppress 
the aggregation of polymeric chains during the volume phase transition. These results are in a 
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good agreement with those, reported by Pich et al [Pic04] for Fe3O4 filled PVCL-AAEM 
microgel particles. Moreover, the introduction of ZnO NPs may induce steric hindrance 
inside the polymer matrix, which can also inhibit the aggregation of the hydrophobic polymer 
segments leading to an increase in LCST of polymer network. Lopez-Cabarcos et al [Cab04] 
and Retama et al [Ret07] have also reported such increase in LCST of PNIPAM microgels 
due to the restricted movement of polymeric chains imposed by the polypyrrole and Fe2O3 
NPs. Another conclusion, which can be drawn from these results, is that microgels loaded 
with ZnO NPs show relatively smaller deswelling ratio than that of pure ones. This can be 
attributed to the reduced flexibility of the polymer network due to presence of solid material 
[Gor04]. 
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Figure 6.2.5: (a) XRD pattern of hybrid microgel particles loaded with 9.13 wt % ZnO NPs 
(inset shows XRD pattern for pure ZnO NPs) and (b) UV-VIS spectra of hybrid microgels 
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loaded with different amounts of ZnO NPs. (Inset shows a transparent film (indicated by an 
arrow) prepared on a glass substrate via solution casting of the aqueous dispersion of hybrid 
microgels loaded with 15.9 wt % ZnO). 
Figure 6.2.5a shows the XRD patterns of pure ZnO NPs and hybrid microgel particles 
loaded with 9.13 wt % ZnO content. Both of these diffraction patterns exhibit the 
characteristic peaks of the wurtzite structure of crystalline ZnO and confirm the purity and 
crystalline nature of filler NPs incorporated into the polymeric templates. The diffraction 
peaks can be indexed to the hexagonally structured ZnO with cell constants of a=0.324 nm 
and c=0.519 nm, which are consistent with the standard values for bulk ZnO (JCPDS card 
36-1451). Moreover, one can observe a noticeable background in XRD pattern of hybrid 
particles unlike to that of pure ZnO NPs, which can be attributed to the amorphous scattering 
from the microgel templates. In addition, it can be caused by the restricted/imperfect 
crystallization of ZnO NPs in the presence of microgels. Zhang et al [Zha04] also observed 
the similar type of hindering effect of the polystyrene template particles on the crystallization 
of TiO2 NPs.  
To investigate the optical properties of hybrid particles, UV-VIS measurements were 
performed on a thin film, deposited on a quartz substrate. Figure 6.2.5b reveals that unlike to 
the pure microgels, hybrid particles show an onset of the absorption in the range of 357-362 
nm depending on the loading level of ZnO NPs. In order to get the exact and quantifiable 
shift in the band gaps from these absorption edges, the points of inflection obtained from the 
minimum in the first derivative curve of the absorption spectrum have been used [Vis04]. 
Figure 6.2.5b reveals band gap positions at 357, 360 and 362 nm for the hybrid microgels 
loaded with 5 wt %, 9.13 wt % and 15.9 wt % ZnO NPs, respectively. This increase in the 
band gap position can be ascribed to an increase in size of ZnO nanoparticles with increasing 
their loading level into the microgels. This red shift in onset absorption with an increase in 
ZnO content is in accordance with the quantum size effect of semiconductor NPs. Similar 
results have been reported by Pich et al [Pic05b] and Du et al [Du02] for ZnS and CdS NPs, 
respectively. Additionally, it has been found that drying of the aqueous dispersion of these 
hybrid particles at room temperature on a glass substrate led to the formation of a dense and 
transparent macroscopic film (see inset in Figure 6.2.5b). This enhanced transparency 
indicates that ZnO NPs are well-dispersed into the polymer matrix and excludes the fact of 
macrophase separation into the system. Furthermore, these results reveal the possibilities of 
exploring these nanocomposites materials as transparent UV-shielding materials.  
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In order to confirm the physical interaction between ß-diketone groups and ZnO 
nanoparticles, samples were employed to IR analysis. Figure 6.2.6 shows IR spectra of 
microgel particles loaded with different amount of ZnO NPs. These results reveal that an 
increase in the ZnO content leads to the appearance of the C=O asymmetric stretching band 
at 1584 cm-1 which can be attributed to the acetate groups present on the surface of ZnO NPs. 
Similar results have been reported by Xiong et al [Xio01] for ZnO NPs prepared from zinc 
acetate in ethanol. A closer look on these data further reveals that the peak at 1623 cm-1, 
which is responsible for the amide groups of the PVCL units [Mae02] has shifted towards 
higher wave number at 1637 cm-1 indicating the interaction between Zn+2 ions and C=O 
groups.  
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Figure 6.2.6: IR spectra of microgel particles loaded with different amount of ZnO NPs. 
6.2.3 Conclusions 
In summary, incorporation of ZnO NPs into the thermosensitive PVCL-AAEM microgel 
particles has been demonstrated. The obtained hybrid microgels possess both thermosensitive 
properties of PVCL-AAEM matrix and typical physicochemical properties of ZnO NPs, 
which can be used in a variety of potential applications including in the fabrication of ZnO 
based UV-detectors and sensors, optoelectronic devices and UV-shielding materials. It was 
demonstrated that solution casting of the aqueous dispersion of these hybrid particles leads to 
the formation of a transparent and UV shielding film. Above all, these particles can act as 
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smart catalysts where ZnO NPs are responsible for generation of electron-hole pairs by 
irradiation with light of certain wavelength providing possibilities for oxidation-reduction 
processes. Simultaneously, the porous microgel matrix can provide a suitable environment 
for diffusion and adsorption of different organic molecules. Thus, the resulting hybrid 
microgels may offer a distinct way to UV mediated synthesis in aqueous, or organic phases, 
or for the destruction of organic molecules in waste. The described methodology is versatile 
in nature and can be followed for the incorporation of a variety of metal/metal oxide NPs to 
achieve the hybrid materials with unique combination of the physiochemical properties.  
6.3 Poly (N-isopropylacrylamide)-Cadmium Telluride (PNIPAm-
CdTe) Hybrid Microgels 
6.3.1 Experimental  
Materials. N-isopropyl-acrylamide (NIPAm) was purchased from Aldrich and 
recrystallized from hexane before use. Sodium acrylate, N,N-methylene-bis-acrylamide 
(BIS), ammonium persulfate (APS), Cd(ClO4)2,  N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and Cystamine all 
were purchased from Aldrich and used without additional purification.  Al2Te3 lumps were 
obtained from CERAC Inc, WI. Milli-Q (Millipore) water was used as a solvent.  
Synthesis of amino terminated CdTe quantum dots. In a typical synthesis, 0.985 g 
(2.35 mmol) of Cd(ClO4)2. 6H2O was dissolved in 125 mL of water and added with 5.7 
mmol of the thiol stabilizer (cysteamine) under a continuous stirring. The pH of reaction 
media was adjusted to 6 by drop wise addition of 1 M aqueous NaOH solution. Reaction 
mixture was placed in a three-necked round bottom flask fitted with a septum and valves and 
deaerated by N2 bubbling for 30 min. Subsequently, H2Te gas {generated by the reaction of 
0.2 g (0.46 mM) of Al2Te3 lumps with 15-20 mL of 0.5 M H2SO4 under N2 atmosphere} was 
passed through the reaction media together with a slow nitrogen flow under continuous 
stirring for 20 min. CdTe precursors, formed at this stage, were converted to CdTe 
nanocrystals by refluxing the reaction mixture at 100oC under open-air conditions with a 
attached condenser. The size of the CdTe nanocrystals was controlled by the duration of 
reflux. Diameter of synthesized nanocrystals was estimated as 3.2 nm [Rog07] from their 
absorption spectrum. These particles were synthesized in the lab of Prof. Alexander 
Eychmüller in Technical University, Dresden. 
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Synthesis of the carboxylic terminated PNIPAm microgel particles: PNIPAm 
microgel particles were prepared by surfactant free radical polymerization as reported in 
literature [Pel86, Meu94]. In a typical process, 550 mg (0.1 M) NIPAm and 50 mg (0.007 M) 
BIS were added into the 40 ml of Millipore water and resulting mmixture was stirred at 350 
rpm for 30 min with a continuous nitrogen flow. Subsequently, the temperature was increased 
to 70 °C and 250 mg of APS dissolved in 10 ml of Millipore water, was added into the 
reaction media to start the polymerization process. After 15 minutes, 35 mg (0.01M) sodium 
acrylate was added into reaction media to form a carboxylic group rich shell, enclosing the 
PNIPAm microgel particles [Ret07]. Thereafter, the reaction mixture was allowed to reflux 
for another 4 hours in N2 atmosphere. Finally, the particles were removed from the reactor 
and dialyzed against distilled water using cellulose membrane (MWCO 100 000) for 2 days.  
Immobilization of QDs on the surface of PNIPAm microgels: In order to bind the 
quantum dots covalently on the surface of PNIPAm particles, 50 mg of microgels have been 
added into the 5 ml of an EDC (200 mM) and NHS (50 mM) aqueous solution and the 
resulting mixture was allowed to stir vigorously for 1 hr at 20 °C. Subsequently, the reaction 
solution was added drop wise into the 2 ml aqueous solution of 1 mg/ml amino terminated 
CdTe NPs and the resulting mixture was stirred overnight in a nitrogen atmosphere. Finally, 
the obtained hybrid microgel particles were cleaned using dialysis membrane against 
Millipore water for 2 days. 
6.3.2 Results and Discussion 
PNIPAm template particles, functionalized with –COOH groups have been synthesized 
by surfactant free copolymerization of N-isopropylacrylamide and acrylic acid. The 
superficial negative charge of acrylic acid functionalized microgel particles was found as 
27.6 C/g, which is significantly higher than 4.7 C/g for those prepared in the absence of 
acrylate monomer. An increase in superficial charge after the functionalization confirms the 
presence of –COOH groups on the surface of microgel particles. In order to immobilize the 
amino functionalized quantum dots on the surface of microgel templates, a well known 
“carbodiimide chemistry” has been exploited [Wil81, Sha05]. First, -COOH groups of 
template particles have been activated by stirring them in the presence of a mixture of EDC 
and NHS in aqueous media at room temperature. It leads to the formation of a complex on the 
template surface (as shown in Scheme 6.3.1), which is very keen to react with amino 
functionalities of quantum dots. Subsequently, the resulting mixture was added into the 
aqueous dispersion of quantum dots. As a result covalent immobilization of CdTe 
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nanoparticles on the surface of microgel templates occurred. A schematic presentation of the 
involved mechanism is depicted in Scheme 6.3.1.  
 
Scheme 6.3.1: Schematic presentation of the reaction mechanism, involved in the 
immobilization of CdTe quantum dots on the PNIPAm microgel particles. 
Figure 6.3.1a and 6.3.1c illustrate SEM images of PNIPAm particles before and after 
the loading of quantum dots, respectively. One can observe that the incorporation of the CdTe 
nanocrystals does not alter the shape of the microgel particles. Figure 6.3.1b and 6.3.1d 
show DLS measurements of pure and hybrid particles, suggesting that particles are 
monodisperse in size even after the deposition of quantum dots. However, the particle mean 
diameter has reduced from 610 nm for pure microgels to 550 nm for hybrid microgels. This 
can be attributed to the transformation of the carboxylic groups into amide groups. Such 
transformation would reduce the total negative charge of the microgels decreasing therefore 
the swelling of the particles and their diameter.  
Figure 6.3.2a shows a TEM micrograph of the microgels loaded with the CdTe 
nanoparticles revealing that the surface of these particles is more electron-opaque as 
compared to the core. A dark shell, which is presumably formed by the quantum dots 
covalently bonded to the microgel surface, can clearly be seen in high magnified image of a 
hybrid particle in Figure 6.3.2b. Apparent lack of the uniformity of the shell could be 
attributed to the non-uniform distribution of nanocrystals on the microgel surface or collapse 
of the microgel particles during sample preparation for TEM. 
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Figure 6.3.1: SEM images of (a) pure and (c) CdTe loaded microgel particles. DLS 
measurements of (b) pure and (d) CdTe loaded microgel particles, carried out in aqueous 
media.   
 
Figure 6.3.2: (a) Low and (b) high magnified TEM images of PNIPAm microgel particles 
loaded with quantum dots. 
In order to investigate effect of the loading of quantum dots on the temperature 
sensitivity of PNIPAm microgel particles, samples have been analyzed by  DLS as function 
of temperature and the results are shown in Figure 6.3.3. As mentioned earlier, a decrease in 
diameter from pure to hybrid microgel particles was observed which can be interpreted as an 
effect of the reduction of the superficial charge on the microgels after the covalent 
immobilization of quantum dots. Nevertheless, the volume phase transition of hybrid 
microgels has been observed as 35ºC similar to that of the pure PNIPAm particles.  
a 
c 
b
d 
a b
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Figure 6.3.3: Dynamic light scattering measurements of pure and CdTe loaded PNIPAm 
microgel particles in aqueous media.  
Figure 6.3.4a shows photoluminescence (PL) spectra of hybrid microgels, measured in 
the temperature interval from 25ºC to 41ºC. One can observe that these particles show a 
broad emission peak at around 640 nm in the collapsed state (above 35 °C), which does not 
appear when the microgels are in the swollen state (below 35 °C). Moreover, the PL intensity 
has been observed to increase with increasing the temperature of surrounding media. It is 
worth mentioning that no PL peak has been observed for pure PNIPAm microgels in both 
swollen and collapsed states. The emission peak of hybrid particles in collapsed state (above 
35 °C) appeared at higher wave length i.e. 640 nm as compared to that of 605 nm for pure 
CdTe nanocrystals at 25ºC. This is not surprising as pure quantum dots also show a read shift 
in PL peak position with an increase in temperature as shown in Figure 6.3.4b. Such red shift 
can be explained through the energy transfer process that occurs when the nanocrystals 
become close-packed and has been attributed to dipole-dipole inter dot interaction between 
proximal dots [Kag96].   
Figure 6.3.5a illustrates PL intensity of hybrid particles as a function of the temperature, 
which clearly illustrates a sharp increase in photoluminescence of loaded quantum dots in 
volume phase transition region of microgel particles. Figure 6.3.5b shows that the PL 
quenching and enhancement processes are fully reproducible even after subjecting the sample 
to several heating and cooling cycles. This photoluminescence enhancement of loaded 
quantum dots with the collapse of microgel template can be attributed to two phenomena. 
One is related to the change in pH around the CdTe nanocrystals and the other to the 
reduction of surface defects of quantum dots during the microgel collapse. Kratz et al [Kra00] 
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explained that the collapse of P(NIPAm-co-acrylate) networks requires as prerequisite the 
reduction of the negative charge provided by the COO- groups. Such reduction is carried out 
by protonation of the COO- groups into the COOH groups.  As a result of this change, the -
COOH enriched polymer chains could wrap the CdTe nanocrystals provoking a modification 
of the fluorescent properties of hybrid particles. 
 
 
Figure 6.3.4: (a) PL spectra of hybrid microgels measured in 25 °C- 41 °C temperature range 
at 480 nm excitation wavelength. (b) PL Spectra of CdTe nanocrystals at 480 nm excitation 
wavelength. 
The dependence of the PL efficiency of CdTe nanocrystals on the pH value of the 
colloidal solution and carboxyl groups embedded into the poly (acrylic acid) has previously 
been reported by Gao et al [Gao98] and Zhang et al [Zha03], respectively. They showed that 
it is possible to increase strongly the PL of the CdTe nanocrystals through the coordination 
interaction between carboxylic acid groups and the Cd atoms on the surface of the quantum 
a 
b 
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dots. In present case, such scenario can be expected when the microgels are in collapsed state.   
 
 
Figure 6.3.5: (a) PL intensity of hybrid microgels at 640 nm as a function of the temperature. 
(b) PL intensity of hybrid microgels measured during repeated heating (40ºC) and cooling 
(25ºC) cycles at 480 nm excitation wavelength. 
In addition, the PL enhancement of the hybrid particles could be attributed to the 
reduction of the surface defects of quantum dots during the collapse of microgel templates. 
Scheme 6.3.2 illustrates a schematic diagram of the involved mechanisms. It is well known 
that polymer chains tend to dissolve in the swollen state due to the free energy of mixing 
(∆Gmix), given by the Flory–Huggings theory [Flo75] as shown below: 
)1()1ln()1(3 φχφφφ −+−−=∆ a
VTkG bmix ……………………… (6.3.1) 
Where kb is the Boltzmann constant, T is temperature, V is the volume of the gel, a is the 
monomer segment length, φ is the volume fraction of the polymer and χ is the Flory–Huggins 
interaction parameter. When polymer chains are cross linked, an elastic component (∆Gelas) 
can also be introduced, which hinders the volume expansion of microgel particles and creates 
tensions localized at the cross linking points. As mentioned earlier, in presented case polymer 
chains are covalently bonded to the surfactant molecules anchored on the CdTe nanocrystals. 
These covalent bonds can act as cross linking points and introduce an elastic tension in the 
bond. Consequently, at these cross-linking points the interface between the surfactant and the 
CdTe nanocrystals would be stretched creating the surface defect, which can quench the 
photoluminescence. In contrast, above the LCST the elastic tension disappears due to the 
change in the solubility of polymer chains. In such case, the polymer chains being less 
soluble, reduce the mixing free energy, thus diminishing the elastic tension and the surface 
a 
b
HYBRID MICROGELS                                                                                                           105 
 
quenching states. This phenomenon is similar to the one recently reported by Wuister at al 
[Wui04] on PL temperature anti-quenching effect. These authors found that freezing of the 
solvent (water) induces strains in the capping shell and the short stabilizer molecules (2-
mercaptoethanolamine) propagate the strain to the surface of the nanocrystals creating 
surface quenching states.  
 
Scheme 6.3.2: Proposed model for the quenching and the anti-quenching of the 
photoluminescence of quantum dots immobilized on the surface of PNIPAm microgel 
particles. 
6.3.3 Conclusions 
In summary, a hybrid microgel based on CdTe nanocrystals covalently immobilized 
onto the surface of PNIPAm microgels has been synthesized. A reversible quenching and 
antiquenching in the photoluminescence of loaded CdTe nanoparticles has been observed 
with the swelling and deswelling of PNIPAm template. Such variations in the optical 
properties of hybrid microgels have been related with the changes in solubility and chemical 
structures of polymer network, which in turn modify the physicochemical surface properties 
of loaded CdTe nanoparticles. It is expected that the synthesized hybrid microgels could be 
effectively used in the fabrication of temperature-sensitive nanosensors.  
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Chapter 7: Applications 
7.1 Fabrication of Photonic Crystals 
7.1.1 Introduction 
Since the pioneering work of Yablonovitch and John [Yab87, Joh87], photonic crystals 
have garnered ever-increasing scientific interest and emerged as a potentially powerful 
platform for the fabrication of advanced optoelectronic devices. Photonic crystals are periodic 
structures that affect the behaviour of photons in much the same way that crystalline 
semiconductors affect the properties of electrons. They possess a periodic modulation in their 
refractive index and diffract the light of wavelengths commensurate to their periodicity. This 
results in the localisation of the photons [Wie97], thus providing a mechanism for controlling 
and inhibiting spontaneous light emission that can be exploited for photonic device 
fabrication. Due to the important optical effects of photonic crystals, it is necessary to 
identify versatile fabrication materials and facile methods that can accommodate diverse 
applications. Any method to make photonic crystals that offers control over its optical 
properties such as spectral band position or band width is a significant step toward 
engineering these materials for specific applications. 
A wide spectrum of strategies has been employed for the fabrication of three-
dimensional photonic crystals, which includes colloidal self-assembly [Rom97], colloidal 
crystal templating [Vel97, Hol98], holographic patterning [Cam00], stacking logs of a 
dielectric material [Lin98] and mechanically drilling holes within a dielectric slab [Yab91] 
etc. Among these protocols, a great deal of work has been done on the first two approaches 
because of their simplicity in ordering a dielectric material in three dimensions. These 
methods exploit the ‘natural’ self assembly of polymer or silica micro spheres from colloidal 
suspension into a solid, three dimensional periodic opal structures. In colloidal crystal 
templating, the voids of the opal are filled with a precursor and then the template particles are 
removed via thermal treatment, yielding the macro porous inverse opal structures [Rog00a]. 
Unfortunately, this approach has been reported to be accompanied with some drawbacks as 
infiltrating species deposited predominantly either on the surface or in the bottom of the 
colloidal crystal template, which produces severe diffuse scattering of the light [Paq06]. In 
addition, the resulting inverse opal structures are not stable due to the poor mechanical 
strength. In the second approach, colloidal nanospheres hybridized with metal/metal oxide 
particles are used as building block in fabrication of photonic crystals [Wan01]. Apart from 
being free from above mentioned drawbacks, the use of colloids and in particular core-shell 
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particles offers some additional advantages such as the composition of the core and shell can 
be controlled. For example, a high refractive index material such as metal oxides can be 
coated on the core of the low refractive index material. In addition, shell thickness, and 
hence, the final particle size of these building blocks can be easily tuned by controlling the 
reaction parameters during their synthesis. Modulation of these properties will greatly affect 
the performance of final CCAs enabling the extensive control over the spectral position and 
magnitude of the optical stop band. A great deal of work has been done on the fabrication of 
coated particles, for example, core-shell latex particles with semiconductors [Jeo05], dyes 
incorporated into shell [Kal01], zinc sulphide coated polystyrene (PS) [Pic05] or silica 
particles [Vel01] and gold coated silica particles [Gra02], suggesting that such particles 
would have potential application as the building blocks of photonic crystals.  
From the application point of view, spectral position of the stop band and band width are 
considered as the most crucial properties of a photonic crystal. The motivation of present 
study was to achieve a wide photonic stop band in NIR region. While the position of the stop 
band depends on the lattice constant (size of building blocks), the band width greatly depends 
on the refractive index contrast between spheres and the medium [Gat00]. Most of the 
previous research efforts have been focused on the CCAs which exhibit photonic stop band in 
the UV-VIS regime. There are very few reports which describe the fabrication of CCAs, 
operating in the near-infra red (NIR) region. The CCAs with stop band in this region can be 
used in the fabrication of NIR optical fibres and/or photonic bang gap material in NIR region. 
In order to achieve a stop band in the NIR region, the array spacing in CCAs should be large 
enough, but three dimensional arrangements of the large colloidal particles is far from 
straightforward. In addition, the refractive indices much larger than those of silica or polymer 
particles are of utmost necessity. In this context, semiconductors are considered as the most 
promising candidate owing to the high refractive index and low absorbance in NIR region 
[Pal85]. Recently, Caruso et al [Lia02] described the fabrication of CCAs composed of 
polystyrene particles coated with polyelectrolyte layers via self assembling process and 
reported the variation in the stop band position in NIR region with change in size of building 
blocks. Reese et al [Ree02] has developed NIR photonic crystals in colloidal solution by 
employing highly charged PS spheres as building blocks. Paquet et al [Paq06] reported the 
self-assembly of poly (methylmethacrylate) (PMMA) colloidal particles, infiltrated with PbS 
quantum dots and achieved a stop band in NIR regime. The band width (∆λ/λ) determines the 
strength of a photonic crystal. An increase in the band width of a stop band undoubtedly 
extends the range of applications of the photonic crystal [Par99]. In most of the previously 
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reported studies, the band width has been found to be less than 40 % [Wij98, Ric00]. It is still 
a challenge to fabricate the photonic crystals which can display the stop band with larger 
band width. 
In the present Chapter, fabrication of three-dimensional CCAs derived via the self 
assembly of TiO2 coated polystyrene colloidal particles is described. The employed approach 
involves three steps: (1) preparation of 540 nm size PS nanospheres, (2) synthesis of 
complete and smooth with a 100-130 thickness TiO2 shell on polystyrene beads and (3) three 
dimensional assembling of PS-TiO2 core-shell particles into CCAs on quartz by gravity 
sedimentation method. Optical measurements of the resulting CCAs revealed a wide and 
deep stop band in the NIR region. In addition, it was observed that the spectral position of the 
stop band and the band width can be modulated with structural parameters (size and shell 
thickness) of the employed building blocks. Moreover, the prepared photonic crystals were 
found to be insensitive to the incidence angle of the light in terms of the stop band position. 
In order to achieve the stop band in the NIR region, TiO2 coated polystyrene particles with 
740 to 800 nm sizes (100-130 nm TiO2 shell thickness) were prepared by sol-gel process as 
described in Section 4.1.2 and employed as building blocks for the fabrication of photonic 
crystals. SEM images of the PS and PS-TiO2 core-shell particles are shown in Figure 4.1.1 in 
Chapter 4. The presence of TiO2, which has a remarkably high refractive index (> 2) 
[Dan01], as the shell and large size of the building blocks ensure that resulting CCAs would 
have a stop band in the NIR region. PS colloidal particles have been prepared by surfactant 
free emulsion polymerisation as described elsewhere [Pic05a] and three-dimensional CCAs 
were grown on quartz substrate exploiting the gravity sedimentation method [Im02].  
Theory of Sedimentation: Sedimentation is one of the easiest techniques, used for 
fabrication of CCAs. Colloids are dispersed in an aqueous medium and allowed to settle onto 
a substrate under the influence of gravity, as illustrated in Figure 7.1.1. Generally, it is 
considered that the colloidal particles arrange themselves orderly because of their 
characteristics of the hard-sphere systems, for which the formation of ordered structures is 
driven by the free energy minimization [Ald68]. Xia et al [Xia00] reported that the 
gravitational sedimentation of the colloidal particles involves a combination of several 
complex processes including gravitational deposition, diffusion, nucleation and growth of 
‘crystals’ and the key to success is the control of the equilibrium between diffusion and 
sedimentation. The structure of sediment is decided by the diffusion for smaller particles (< 
500nm) whilst gravity for larger ones (> 500nm) [Rus89].  
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Figure 7.1.1: Schematic illustration of the colloidal crystallization through a sedimentation 
method.  
If the sedimentation velocity of the colloids is faster than the maximum crystallization 
rate (γ), an amorphous structure is formed instead of a crystalline sediment. The maximum 
crystallization rate (γ) of particles is the number of nuclei generated per unit time and unit 
volume. It is proportional to the self-diffusion coefficient of the particles in the liquid divided 
by the particle diameter and defined as follows: 
 
  ……………………………………………………. ……………… (7.1.1) 
 
Where kB is the Boltzmann’s constant, T the temperature, η is the medium viscosity and d is 
the particle diameter [San03]. This relationship reveals that small particles will crystallize 
faster and therefore allow a higher aggregation rate. 
Based on Stoke’s law, sedimentation velocity (U0) of an isolated sphere can be given as 
follows:  
  ……………………………………………………. (7.1.2) 
 
Where ρi and ρsolvent are the densities of particle and solvent, respectively and g is the 
gravitational acceleration [Zho05]. Equation 7.1.2 accurately determines the sedimentation 
velocity for dilute suspensions of spheres where hydrodynamic interactions between spheres 
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are negligible. For those systems, where particles are in closer contact and hydrodynamic 
interactions are dominant, the sedimentation velocity can be given as follows [Kyn52]:  
 
  ……………………………………………………. ……..  (7.1.3) 
 
Where φ is the volume fraction of spheres dispersed in the suspension and β is a variable 
function which ranges from 5 to 7, depending upon the particle shape, size distribution and 
drag force [Ric54], [Mau58]. If colloidal particles vary in size, shape or settling rate, 
Equation 7.1.3 possesses the generality to accommodate these deviations by modifying β. 
Equation 7.1.3 divided by Equation 7.1.1 yields an important result which is useful for 
determining whether the experimental conditions of interest favour the colloidal 
crystallization: 
 
………………………. ….. (7.1.4) 
                    
 
Where Pe represents the Peclet number [San03], which is an important index to estimate 
the possibility of sedimentation over the diffusion (Brownian motion). If the Peclet number is 
less than 1, diffusion dominates, otherwise sedimentation dominates. 
7.1.2 Experimental 
Materials: Styrene (ST) (Fluka) and acetoacetoxyethylmethacrylate (AAEM) (97%) 
(Aldrich) were passed through an inhibitor removal column and then vacuum distilled under 
nitrogen before use. Titanium ethoxide (85%) (Acros), ammonium hydroxide (28-30 % NH3 
in water) (Acros) and acetic acid (100%) (Merck) were used without additional purification. 
Distilled water was employed as the polymerization medium. 
Synthesis of PS beads: Polystyrene particles with an average diameter of 540 nm, were 
synthesized by surfactant free emulsion polymerization as described in Section 3.2.1 of 
Chapter 3. 
Synthesis of PS-TiO2 core-shell particles: PS-TiO2 core-shell hybrid particles have 
been synthesized as described in Section 4.1.2 of Chapter 4.  
Fabrication of colloidal crystal assemblies (CCAs): To assemble the PS-TiO2 
particles in a three-dimensional CCAs, a glass substrate without particular pre-treatments 
except for gentle cleaning with water and methanol, respectively, was placed in the bottom of 
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a Petri dish (diameter, 5 cm). Thereafter, an aqueous dispersion of PS- TiO2 hybrid particles 
with solid content of 0.5 wt %, was poured into the Petri dish. Subsequently, the dish was 
placed in a convection oven at 60°C for 2 hrs. After evaporation of water, sufficiently rigid 
CCAs extending over hundreds of square micrometers have been obtained. 
7.1.3 Results and Discussion 
7.1.3.1 Microscopic Analysis: Figure 7.1.2 shows SEM images of CCAs made of 540 
nm size uncoated polystyrene particles as well as 740 nm and 760 nm size TiO2 coated 
polystyrene core-shell particles. Insets of these images illustrate a high magnification view of 
the top surfaces of CCAs. These micrographs clearly reveal the hexagonal ordered packing of 
PS or PS-TiO2 particles with the (111) face parallel to the quartz substrates. Figure 7.1.2 
illustrates the cleaved edges of the samples revealing the 3D architecture of the particles in 
the bulk of colloidal crystals. It can be observed that the ordered assemblies produced from 
the PS-TiO2 hybrid particles are not as much perfect as the ones from bare PS particles, most 
probably due to the increased surface roughness of the building blocks after the TiO2 coating 
[Jia99]. Nevertheless, the obtained CCAs show the wide and deep stop band in the NIR 
region.  
   
Figure 7.1.2: SEM images of the colloidal crystalline arrays (CCAs) composed of (a) 540 nm 
size PS spheres, (b) 740 nm and (c) 760 nm size PS-TiO2 spheres. Insets show a high 
magnification view of the top surface of CCAs (scale bar in inset images is 500 nm).  
7.1.3.2 Optical Analysis: A hallmark feature of the prepared photonic crystals is that 
they are capable of displaying the tuneable optical properties over a large range of NIR 
region. Figure 7.1.3 shows the diffuse reflectance spectra of CCAs taken with an optical 
fiber spectrometer at normal incidence angle (incident light aligned perpendicularly to the 
(111) plane of as prepared CCAs). For these measurements, a diffuse reflectance probe with 
NIR fiber bundles was used in backscattering (180°) arrangement. For better clarity of the 
stop band position and band width, spectra are shown in separate figures (Figure 7.1.3a-
7.1.3c).  
a b c 
5 µm 10 µm 10 µm 
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Figure 7.1.3: Diffuse reflectance NIR spectra of CCAs composed of (a) 740 nm (b) 760 nm 
and (c) 800 nm size PS-TiO2 hybrid particles, taken at normal incidence angle. The red shift 
in the stop band position from 1352 nm to 1448 nm and increase in the band width from 54 
%-61 % can be observed as the thickness of TiO2 shell is increased from 100-130 nm.   
One can observe that a size dependant optical stop band exists in the three dimensionally 
structured CCAs, which red-shifts over a large range i.e.1350-1450 nm with an increase in 
size of building blocks from 740 to 800 nm. For the quantitative analysis, the exact peak 
positions of the stop bands were estimated using GRAMS software taking into consideration 
the same boundaries for all spectra. The CCAs composed of the 740 nm, 760 nm and 800 nm 
size PS-TiO2 particles display the stop band at 1352 nm, 1399 nm and 1448 nm, respectively. 
Since polystyrene as well as TiO2 have no absorption in this spectral range, it can therefore 
be concluded that the observed peaks are associated with the CCAs. However, appearance of 
these stop band due to the irregularity of the colloid crystals (as shown in Figure 7.1.2) 
cannot be avoided. This modulation in terms of the stop band position is undoubtedly 
important in both the applications and fundamental research fields. Jeong et al [Jeo05a] 
reported the temperature induced modulation in the stop band position in NIR region for 
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photonic crystals composed of Se coated Ag2Se colloidal particles. Maurer et al [Mau05] 
recently developed photochemically controlled photonic crystals, which can be operated in a 
large spectral range. These results are consistent with Bragg’s law at normal incidence, i.e. 
λpeak = 1.632 d neff. As the TiO2 shell thickness increases, the effective refractive index (neff) 
of the film as well as size of the building blocks and thus the spacing (d) also increase, 
leading to the red shift in stop band position [Lia02, Ren00] In addition, one can observe that 
obtained stop bands are remarkably wide and intense in nature. These bands start at 
approximately at 1000 nm and extend up to approximately 1700 nm depending on the size of 
the building blocks. Interestingly, the band width ∆λ/λ, was also found to increase with 
increasing the TiO2 shell thickness. It was estimated as 54 %, 58 % and 61 % for the CCAs 
fabricated by employing 740 nm, 760 nm and 800 nm size PS-TiO2 particles. An increase in 
the TiO2 content of the building blocks causes an increase in the refractive index contrast of 
CCAs, which in turn leads to the increase in band width of the stop band [Kan07]. The ∆λ/λ 
values, attained in this study are at least four to five folds higher than those reported in 
previous studies on photonic crystals [Wij98, Ric00]. Such a large 3D gap will allow strong 
photon localization [Gar91, Joh91] as well as a detailed manipulation of photonic defect 
states [Kra96, Arj94]. 
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Figure 7.1.4: Specular reflectance spectra of CCAs composed of 760 nm size PS-TiO2 
hybrid particles at different incidence angles. In addition to the primary stop bands, 
secondary ones can also be observed at lower incidence angles. No significant change in peak 
position of the stop bands is observed with variation in the incidence angle of the light.  
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Further experiments show that the position of the stop band is almost independent of the 
incidence angle θ  (the angle between the incident light beam and the normal to the sample 
plane). Figure 7.1.4 shows reflectance spectra of the CCAs composed of 760 nm size PS-
TiO2 hybrid particles at different incidence angles. These angle dependence measurements 
were carried out in specular reflectance mode with an optical fiber spectrometer equipped 
with two NIR single fiber probes (one probe was used to incident the light on sample at given 
angle and another one for collecting the specularly diffused light). Therefore one can see that 
the shape of the stop band is quite different than the one observed in diffuse reflectance 
spectrum (shown in Figure 7.1.3b). However, the peak position of the stop band in both 
cases was observed at same wave-length. The diffuse reflectance set up, used in previous 
measurements (shown in Figure 7.1.3b) does not allow the change in incidence angle. From 
Figure 7.1.4, one can observe that in addition to the main stop band at 1399 nm, a secondary 
stop band appears at 1680 nm at lower incidence angles [Sch02a]. As the incidence angle 
increases, this secondary stop band vanishes finally.  
Furthermore, in marked difference with previous reports on the θ dependency of the stop 
band position [Fud03, Ric00a], the centre of the main stop band of our CCAs hardly shifts 
from its position 1399 nm with a change in the incidence angle from 45° to 75°. It is well 
known that the θ-dependence of the stop band position is taken as a disadvantage of 3D 
photonic crystals in applications. If one wants to prevent transmission of light from different 
incidence angles, a full photonic crystal with a θ-independent stop band is needed. The PS-
TiO2 CCAs achieved in this study, could be good candidates for these types of applications as 
they show θ-independent stop bands.  
7.1.4 Conclusions 
Fabrication of three dimensional CCAs by gravity sedimentation of TiO2 coated 
polystyrene particles has been demonstrated. The resulting CCAs exhibit a wide photonic 
stop band in NIR region with the band width (∆λ/λ) as wide as 54-61%. The spectral position 
and band width of the photonic stop bands of obtained CCAs can be tuned with the size and 
thickness of the TiO2 shell of the building blocks. Interestingly, stop band position was found 
to be insensitive to the angle of incidence. Since a wide range of coated colloidal particles 
with different size and core-shell composition can be synthesized by the sol-gel process, a 
variety of advanced CCAs with tailored properties can be fabricated by employing the 
described approach. 
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7.2 Colloidal Particles as Carrier for Inorganic Nanoparticles into 
a Host Polymer Matrix 
7.2.1 Introduction 
In recent years, organic–inorganic nanocomposites have emerged as the interesting 
materials for a wide spectrum of applications because of possessing the unique combinations 
of the advantages; characteristic of organic components (flexibility, low dielectric constant 
and processibility) and inorganic components (rigidity, durability, and thermal stability) 
[Du04, Cad02]. A great deal of the work has been done on the preparation of a variety of 
polymer-inorganic nanocomposites, which possess interesting electrical [Cas98], optical 
[Guo00] and magnetic [Dre99] properties usually superior to those of the parent polymer or 
inorganic species. Among all the semiconductor materials, zinc oxide (ZnO) is well-known 
multifunctional inorganic filler that has unique properties including the strong absorption in 
ultraviolet (UV) region. It is a wide band gap semiconductor which shows intense and 
tunable photoluminescence properties. The bulk zinc oxide is being widely used in rubber 
products, ceramics, paints, pharmaceutical, and agricultural areas, while ZnO nanoparticles 
(NPs) have been receiving much attention in the fields of solar energy conversion [San96], 
photocatalysts for partial or total mineralization of organic compounds [Vil96], nonlinear 
optics [Bah95], gas sensors [Hu96], UV-blockings [Cho83], and light-emitting materials 
[Bag97].  
In general two strategies have been employed for the fabrication of nanocomposite 
materials, which allow a versatile design of their physical and chemical properties, to meet 
the needs of the final end user applications. The first approach involves mixing of 
nanoparticles into a polymer matrix by means of physical methods including solid grinding, 
soaking in liquids or gas diffusion. In these processes, physical interactions such as, van der 
Wall’s forces, Lewis acid- base interactions or static interactions are the driving forces for the 
binding of nanoparticles with polymer matrix [Cro98]. The second approach consists of the 
chemical reactions, which is effected either by the in-situ preparations of nanoparticles inside 
the polymer matrix [Sel98] or polymerizing the matrix around the nanoparticles [Lee00]. 
Physical methods are easy to handle but not efficient to disperse the particles homogeneously 
in polymer matrices because of the high surface energy of nanoscale particles. On the other 
hand, chemical methods offer the advantage of producing a variety of nanocomposites owing 
to the diversity of chemical synthesis with strong chemical interactions between the 
components but suffer from some limitations including difficulty in control of particle size or 
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contamination by unreacted educts or byproducts etc. Hence, seeking new strategies for the 
preparation of nanocomposite materials, which can allow a good dispersion of filler 
nanoparticles, without above mentioned hurdles are apparently of great significance 
nowadays. 
In this Section of Chapter 7, mixing of ZnO nanoparticles decorated on the surface of 
polystyrene core in a raspberry-like morphology, into the poly (ethylmetacrylate) (PEMA) 
matrix is described. The motivation of this study is to explore the use of polystyrene latex 
particles as the carrier for inorganic filler into the host matrix. This approach could change 
the nano scale mixing of the tiny ZnO nanoparticles (4-5 nm) into the micro scale mixing of 
PS/ZnO hybrid particles (0.1 µm), reducing the possibilities of ZnO nanoparticles 
aggregation. Some studies have been reported on the improvement of the mechanical 
properties of polymer matrices by mixing with neat polystyrene beads [Zou90, Zou92] but 
exploitation of organic-inorganic hybrid particles as the filler has never been explored. 
7.2.2 Experimental 
Materials. Sodium dodecylsulfate (SDS) (98%), zinc acetate dihydrate (Zn(Ac)2.2H2O) 
(99%), 2-propanol (99.5%) and ethanol (99%) all were purchased from Aldrich and have 
been used without additional purification. Poly (ethylmethacrylate) (PEMA) was purchased 
from Aldrich and re-precipitated from THF solution using distilled water as precipitating 
agent, before use. NaOH (98%) was obtained from Fluka and used as received. Distilled 
water was employed throughout the synthetic process. 
Synthesis of PS/ZnO hybrid particles: The polystyrene beads used as template for the 
preparation of PS/ZnO hybrid particles, were synthesized by surfactant free emulsion 
polymerization of styrene as described elsewhere [Pic05a]. A detailed description of the 
preparation of polystyrene beads is given in Section 3.2.1 of Chapter 3. In order to achieve 
the PS beads of smaller diameter (80 nm), SDS (2 wt % of styrene) was added into the 
reaction media in the beginning of the polymerization process. To achieve the PS/ZnO hybrid 
particles, a controlled hydrolysis of Zn(Ac)2.2H2O salt was carried out in the presence of PS 
beads, as described in Section 3.2.1 of Chapter 3.  
Preparation of PEMA-PS/ZnO nanocomposites: PS/ZnO hybrid particles were mixed 
with a dispersion of re-precipitated PEMA powder using water as the dispersing agent. For 
this purpose, 1 g of the re-precipitated PEMA powder was added into the 150 ml of distilled 
water and sonicated for 20 min. at 50% amplitude with a Branson W450 digital sonifier in an 
ice-cooled bath. Similarly, a calculated amount of the PS/ZnO hybrid particles (0.5-5 wt % of 
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PEMA matrix) were added into 50 ml of water and sonicated for 15 min. Thereafter, both the 
water dispersions were mixed with each other and the resulting mixture was agitated by an 
ultrasonic tip to achieve good mixing of both components into each other. After 30 min., the 
dispersion was filtered-out and the resulting cake was dried in a vacuum oven at 55°C for 3 
days. The obtained dried powder samples were moulded into discs of 25 mm diameter and 
1mm thickness by using a PO-Weber 10-HS Gard.3 compression molding machine under a 
load of 50 kN at 105°C. 
7.2.3 Results and Discussion 
7.2.3.1 Mixing of PS/ZnO particles: The PS/ZnO hybrid particles, used in the present 
study were 80 nm in diameter with the ZnO content of 9.6 wt %. PEMA-PS/ZnO 
nanocomposites were prepared by mixing the PS/ZnO particles with re-precipitated PEMA 
powder in dispersion followed by the compression moulding at 105 °C. The schematic 
presentation of the preparation and mixing of PS/ZnO particles into PEMA matrix is shown 
in Scheme 7.2.1. 
 
 
 
 
 
 
 
 
Scheme 7.2.1: Preparation of PS/ZnO hybrid particles and mixing into the PEMA matrix. 
7.2.3.2 Microscopic analysis: The distribution of PS/ZnO hybrid particles in PEMA 
matrix has been investigated by microscopic analysis including AFM and TEM. For AFM 
analysis, samples were prepared by embedding the pieces of the 1 mm thick PEMA-PS/ZnO 
disc into the resin and then smoothing them with an ultra-microtome. Figures 7.2.1a and 
7.2.1b show AFM phase images of the pure matrix and PEMA-PS/ZnO nanocomposite with 
5 wt% filler contents, respectively. These results reveal that the surface of a slice from pure 
PEMA matrix is relatively smooth with an rms (root mean square) roughness of 3.4 nm. As 
expected, a drastic increase in the rms roughness up to 175 nm was observed after the loading 
of 5 wt % filler particles in PEMA matrix. Figure 7.2.1b suggests that PS/ZnO domains are 
homogeneously distributed into the polymer matrix. A closer inspection of this image reveals 
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the presence of fine pores into the polymer matrix (marked by arrows), which probably 
appeared because of the removal of PS/ZnO particles, loosely associated with the surface of 
sectioned slice of the sample, by the diamond knife during ultramicrotoming. The size of 
these pores is in the range of 80 nm-100 nm, which proves presence of the single and 
spherical PS/ZnO nanoparticles in PEMA matrix. However, large agglomerations with 450 
nm size can also be seen. In order to investigate the effect of the filler contents on the domain 
size, samples were characterized with TEM analysis. 
 
Figure 7.2.1: AFM phase images of (a) PEMA matrix (4X4µ) and (b) PEMA-PS/ZnO 
nanocomposite with 5 wt% PS/ZnO particles (10X10 µ).  
    
 
Figure 7.2.2: TEM images of PEMA-PS/ZnO nanocomposite films with (a) 0.5 wt % (b) 1 
wt % (c) 2.5 wt % and (d) 5 wt% PS/ZnO particles. 
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Figures 7.2.2a-2d show the TEM micrographs of the PEMA matrix loaded with 
different weight fractions of PS/ZnO hybrid particles. Samples were sectioned into thin slices 
of 100 nm thickness by an ultra-microtome. One can observe a gradual increase in the 
average domain size of PS/ZnO hybrid particles from 160 nm to 450 nm with increasing the 
filler content from 0.5 wt % to 5 wt %. These aggregates are consisting of loosely associated 
individual PS/ZnO hybrid particles of 80 nm size and show the ramified structures rather than 
compact ones. Moreover, Figure 7.2.2 illustrates the presence of deformed filler particles, 
which can be attributed to the deformation of polystyrene core during the samples preparation 
for TEM analysis with ultramicrotoming. 
7.2.3.3 Thermal analysis: The influence of PS/ZnO particles on the thermal stability of 
PEMA-PS/ZnO nanocomposites was studied by comparing the thermal degradation of the 
neat PEMA matrix with that of PEMA-PS/ZnO nanocomposites. Figure 7.2.3a shows typical 
TGA scans for PEMA with and without PS/ZnO particles, taken at 5 K/Min. heating rate in 
air and nitrogen atmospheres. TGA scan of pure PEMA, taken in nitrogen atmosphere shows 
a main degradation stage in the temperature range of 310 to 485 °C with a maximum weight 
loss rate at 382 °C. It can be attributed to the unzipping of monomers and oligomers initiated 
by random scission of polymer chains. The degradation of PEMA in air begins at 235 °C with 
a maximum weight loss rate at 307 °C. This degradation is also thought to be initiated by 
random scission of macromolecular chains. A comparison of these two TGA scans reveals 
that the random scission of polymer chains is significantly enhanced in the presence of 
oxygen as the temperature at maximum weight loss is shifted by 75°C. 
TGA curve of the PEMA-PS/ZnO nanocomposite is nearly identical to that of the 
reference PEMA in nitrogen atmosphere, suggesting that presence of PS/ZnO filler particles 
does not improve the thermal stability of PEMA matrix significantly in an inert atmosphere. 
The only difference concerns the temperature at which the degradation begins; this 
temperature is shifted by 15 °C for the nanocomposite with 5 wt % PS/ZnO content. In 
addition, the main weight-loss stage involves the decomposition of PS particles, besides the 
PEMA matrix. On the other hand, incorporation of PS/ZnO hybrid particles significantly 
increases the oxidative thermal stability of the PEMA matrix. As illustrated in Figure 7.2.3a, 
presence of 5 wt % PS/ZnO particles in PEMA matrix increases the temperature at maximum 
weight loss by 32 °C. TGA scans (taken in air) of PEMA-PS/ZnO nanocomposites filled with 
a PS/ZnO content of 0, 0.5, 1, 2.5 and 5 wt %, are shown in Appendix 6. These results reveal 
that oxidative thermal stability of the PEMA matrix increases with an increase in PS/ZnO 
weight fraction from 0.5 wt % to 5 wt %, which can be attributed to the improved inhibition 
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of the random scission of polymer chains with increasing the loading level filler particles 
[Yua03]. 
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Figure 7.2.3: (a) TGA scans of PEMA matrix and PEMA-PS/ZnO nanocomposite with 5 wt 
% filler particles, taken in air and nitrogen atmosphere. (b) DSC scans of PEMA matrix 
loaded with different weight fractions of PS/ZnO hybrid particles. 
DSC curves of PEMA and PEMA-PS/ZnO nanocomposites filled with different 
amounts of hybrid particles are shown in Figure 7.2.3b. In order to obtain a precise and 
quantifiable measure of the shift in glass transition temperatures of nanocomposites with the 
loaded amount of PS/ZnO particles, the points of inflection obtained from the maxima in the 
first derivative curves of heat flow vs. temperature curves have been used. The pure PEMA 
matrix shows glass transition temperature at 75 °C while PEMA-PS/ZnO nanocomposites 
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exhibit it in the range of 76-77 °C, indicating that presence of filler particles slightly reduces 
the chain mobility of PEMA. Mark et al [Pu97] also reported only a slight increase in Tg of a 
polymer matrix after addition of the silica particles. These results are in agreement with 
previous reports, which show that an increase in filler content can cause Tg of a composite to 
increase, decrease, or stay unchanged, depending on the specific polymer-filler system 
[Her88, Her91].  
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Figure 7.2.4: (a) Three point bending measurements and (b) DMA analysis of PEMA matrix 
filled with different weight fractions of PS/ZnO hybrid particles. 
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7.2.3.4 Mechanical analysis: To analyze the effect of the filler concentration on the 
mechanical properties of the nanocomposites, the samples were characterized by the three 
point bending analysis and dynamic mechanical analysis. Three point bending measurements 
were performed according to the ISO 178 with a DSM Micro-5 (Holland) testing machine 
under the constant load of 10 N. As shown in Figure 7.2.4a, a significant improvement in the 
flexural properties of PEMA matrix was observed after the addition of filler particles. These 
results are in agreement with the observations made by the Mark et al for poly (methyl 
acrylate)-SiO2 system [Pu97].  A low and moderate degree of agglomeration at lower and 
moderate loading of filler particles, leads to the significant improvement in the flexural 
strength of host matrix. The highest enhancement in the flexural strength was achieved at the 
loading of 2.5 wt % PS/ZnO hybrid particles. Apparently, the high degree of the 
agglomeration of filler particles at the 5 wt % filler contents, caused decrease in flexural 
strength [Cha96].  
Figure 7.2.4b shows variation in storage moduli and tan δ of the PEMA matrix filled 
with different amount of PS/ZnO particles, as a function of temperature. The experiments 
were performed in –100 °C to 150 °C temperature range at 3 K/min heating rate by using a 
single cantilever clamp at 1 Hz frequency. As expected, the storage modulus of all the 
samples was found to decrease with increasing the temperature, because of the softening of 
the matrix and the initiation of relaxation processes and melting [Tra05]. Furthermore, it can 
be seen that the addition of the PS/ZnO hybrid particles into the PEMA matrix results into an 
increase of the storage modulus in glassy state (T <T g). It can be concluded that the PEMA 
matrix can be reinforced in the glassy state by addition of PS/ZnO hybrid particles. In 
addition, it can be observed that improvement in storage modulus is proportional to the 
loaded amount of the filler particles from 0.5 wt % to 2.5 wt %. A further increase in filler 
content to 5 wt % leads to the sharp decrease in storage modulus, which can be ascribed to 
large domain size of filler particles at this loading level. Similar results have been reported by 
Trabelsi et al [Tra05] for the preparation of titanium-oxo cluster based hybrid materials. 
Presence of large agglomeration in polymer matrix renders a high free volume to the polymer 
chains, present around the filler domains offering the easiness in their mobility. In marked 
contrast, above Tg no effect of the filler particles was observed [Nai05]. It can be attributed to 
the softening of the PS core of the filler particles at higher temperature. As a consequence of 
that, PS/ZnO particles are not capable of supporting the load, and hence, do not contribute to 
the storage modulus at higher temperature. 
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Variation in tan δ as a function of temperature revealed an intense peak, which can be 
associated with the glass–rubber transition of the amorphous phase of PEMA matrix. 
Temperature corresponding to the maximum of this peak can be assigned as glass transition 
temperature (Tg). For all samples, glass transition temperature has been observed at 88 °C. 
However, this value is higher than those obtained by DSC measurements. It can be attributed 
to the fact that DMA measures the glass transition temperature on the basis of extrinsic 
mechanical properties rather than intrinsic heat capacity. Similar results have been reported 
by Bilyeu et al [Bil02] for fiber reinforced epoxy resins. In addition, one can observe that tan 
δ values of all the PEMA-PS/ZnO hybrids were found to be smaller than that of pure PEMA 
matrix. This can be associated with the so-called “volume effect”, which suggests that filler 
particles reduce the effective volume of host matrix [Wil03]. Since the mechanical loss of 
rigid ZnO nanoparticles is much smaller than that of PEMA matrix, a net decrease in the tan 
δ is observed with increase in filler content. Interestingly enough, all the composite materials 
exhibit a damping factor of tan δ > 0.45. Usually polymeric materials with tan δ > 0.3 are 
considered as having very good damping properties [Li01]. The broadening of glass 
transition peak is linked to the distribution of mobility (i.e. relaxation times) of polymer 
segments [Mat92]. In addition, it can be taken as the measure of degree of the structural 
heterogeneity of the network. It is evident from the Figure 7.2.4b that composites are more 
heterogeneous as compared to the neat polymer and degree of heterogeneity increases with an 
increase in loaded amount of PS/ZnO hybrid particles.  
7.2.4 Conclusions 
In summary, a new protocol for introducing inorganic filler particles into the host 
polymer matrix has been demonstrated. PS colloidal particles decorated with ZnO 
nanoparticles in raspberry-like fashion, have been used as the carrier of ZnO nanoparticles 
into the PEMA matrix. Microscopic results revealed a homogeneous distribution of the 
domains of PS/ZnO hybrid particles inside the PEMA matrix. A reasonable increase in the 
physical properties of PEMA matrix has been achieved after mixing of 0.5-5 wt % PS/ZnO 
hybrid particles. The highest improvement in physical properties of PEMA matrix was 
observed after mixing of 2.5 wt % PS/ZnO hybrid particles. It suggests that proposed 
protocol is capable of improving the physical properties of polymer matrix at a low level i.e. 
0.05- 0.25 wt % of inorganic filler contents as mixed PS/ZnO hybrid particles have a ZnO 
content of 9.6 wt %. Although this approach has been illustrated with the example of ZnO as 
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filler and PEMA as the host matrix, but it is presumed that same protocol can be exploited for 
mixing a wide range of filler particles into a suitable polymer matrix.  
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Chapter 8: Summary 
A simple and facile approach for the design and fabrication of nano to micro scale 
organic-inorganic hybrid particles was demonstrated. The versatility of this approach for both 
fundamental research and practical applications was explored. A well known “template-
assisted approach” was chosen for the preparation of these hybrid particles, in which the 
inorganic material of interest is templated against the template particles. A series of colloidal 
template particles including, polystyrene, poly (vinylcaprolactam) and poly (N-
isopropylacrylamide) was used for the deposition of a variety of metal oxides/hydroxide 
nanoparticles. A classical surfactant free co-polymerization process was employed for the 
synthesis of these template particles. To facilitate the deposition of inorganic nanoparticles in 
subsequent steps, these colloidal particles were functionalized with the suitable functional 
groups. For this purpose, polystyrene particles were synthesized in the presence of 
acetoacetoxyethylmethacrylate (AAEM) co-monomer. Being more hydrophilic in nature as 
compared to the styrene monomer, AAEM localises on the surface of emulsion droplets 
during the co-polymerization process, and hence, renders a ß-diketone functionality to the 
surface of the resulting polystyrene beads. Similarly, poly (vinylcaprolactam) and poly (N-
isopropylacrylamide) particles were functionalized by adding AAEM and acrylic acid co-
monomers, respectively, during their synthesis. It is thought that an effective interaction 
between these functionalities of employed template and metal oxide/hydroxide precursors is 
the driving force for the fabrication of organic-inorganic hybrid particles.  
A number of metal oxide/hydroxide nanoparticles including ZnO, TiO2, Ta2O5 and 
In(OH)3 were deposited on the surface of polystyrene colloidal particles. A systematic 
variation in the employed reaction conditions allowed a modulation in size, shape, 
morphology, shell thickness and inorganic contents of resulting hybrid particles. For example 
an increase in temperature, pH and concentration of reactants in the reaction media resulted 
into a shift in the morphology of PS-ZnO hybrid particles from core-shell to “raspberry-like” 
one. Similar effect of the employed Indium isopropoxide concentration on the morphology of 
PS-In(OH)3 hybrid particles was observed. In the case of PS-TiO2 and PS-Ta2O5 only core-
shell morphology was observed. However, suitable surface chemistry and careful selection of 
reaction parameters allowed the deposition of as much thick as 130 nm TiO2/Ta2O5 shell on 
the polystyrene core. In addition, a controlled manipulation of the shell thickness with the 
employed concentration of inorganic salt was observed.  
Polystyrene colloidal particles coated with a high refractive index material such as TiO2, 
were employed as building blocks for the fabrication of self assembled colloidal crystals. The 
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variation in particle size and TiO2 content of employed building blocks allowed the 
manipulation in stop band position and band width of resulting photonic structures. 
Furthermore, PS-ZnO hybrid particles with raspberry-like morphology were exploited as 
carrier for ZnO nanoparticles into a host polymer matrix to achieve a nanocomposite material. 
This approach changed conventional nanoscale mixing of bulk ZnO nanoparticles into the 
micro scale mixing of PS-ZnO hybrid particles, which resulted into a better dispersion of ZnO 
nano-fillers in PEMA matrix. A reasonable increase in physical properties of the polymer 
matrix was observed after mixing with these hybrid particles. 
The fabrication of a series of closed, intact and mechanically robust hollow spheres, 
composed of pure and mixed metal oxides was demonstrated. The removal of polystyrene 
core from PS-TiO2 and PS-Ta2O5 hybrid particles by chemical or thermal treatment resulted 
into the hollow TiO2 and Ta2O5 spheres, respectively. In order to achieve mixed metal oxide 
hollow spheres, a successive deposition of ZnO and TiO2 layers on polystyrene beads was 
carried out followed by their thermal treatment at elevated temperature. Photocatalytic 
experiments revealed that methyl orange dye can be photo degraded much faster in the 
presence of ZnO-TiO2 hollow spheres than that of TiO2 powder. Moreover, magnetically 
responsive hollow TiO2 capsules were fabricated by employing the magnetite encapsulated 
polystyrene beads as sacrificial template. Magnetite polystyrene colloidal particles were 
prepared by mini-emulsion polymerization of styrene in the presence of Fe3O4 nanoparticles.  
Templating of PVCL colloidal particles against ZnO nanoparticles was shown and 
variation in physical properties of the resulting hybrid microgels as a function of the loaded 
amount of ZnO nanoparticles was demonstrated. PVCL-ZnO hybrid microgels showed the 
temperature sensitivity of the template particles and the UV-absorbing property of the loaded 
ZnO nanoparticles. It was demonstrated that these hybrid materials can effectively be used in 
the preparation of a transparent UV-shielding material. In addition, the deposition of 
preformed   and functionalized quantum dots (CdTe) on the surface of PNIPAm microgel 
particles was explored and a manipulation in the fluorescent properties of loaded quantum 
dots as a result of temperature induced swelling and deswelling of microgel template was 
investigated. It was found that the fluorescence of deposited quantum dots can be switched to 
“ON” or “OFF” by changing the temperature of the surrounding media. These hybrid particles 
are envisioned to be used in the fabrication of temperature nanosensors.  
In a nutshell, the fabrication of a series of the organic-inorganic hybrid particles was 
demonstrated. Applications of these particles as building blocks for the fabrication of 
photonic crystals, precursors of the hollow spheres and carrier of inorganic nanoparticles into 
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a host polymeric matrix were explored. It is envisaged that the employed approaches can be 
exploited for the synthesis of a wide range of other hybrid particles with tailored properties, 
by a careful selection of organic and inorganic counterparts. 
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Chapter 9: Suggestions for Future Work 
Further research can be extended based on the findings described in the present thesis. 
One of the fields of future interest can include the investigations on the fabrication of organic-
inorganic hybrid particles and hybrid microgels with the chemical compositions, other than 
those described in present work. In addition, effect of the size of polymer templates on the 
coating behaviour of inorganic nanoparticles can be investigated as the manipulation in size 
and chemical composition of hybrid particles may offer a controlled modulation in their 
optical, electrical, or magnetic properties. Similarly, the family of hollow spheres can be 
extended by employing the described approach for a number of metal oxide/metal 
nanoparticles. For example, mixed metal oxide hollow spheres composed of SnO2-TiO2, 
SnO2-Al2O3 and SnO2-ZnO etc can be fabricated by template assisted approach and their use 
as photocatalyst [Vin96] and novel electrodes for super capacitor applications [Jay06] can be 
explored. Moreover, fabrication of metal oxide hollow spheres doped with metal 
nanoparticles such TiO2-Au, TiO2-Ag, ZrO2-Au or ZrO2-Ag can also be studied by the 
successive or co-deposition of metal and metal oxide nanoparticles on polystyrene beads 
followed by the calcination or core dissolution and their photocatalytic activities can be 
investigated for a number of environmental pollutants. The doping of a small amount of metal 
nanoparticles into the metal oxides has been found to increase their photocatalytic activity 
[Sta01]. In addition, a variety of other potential applications of the hollow spheres such as 
control delivery, encapsulations of biologically active agents, fillers, pigments and coatings 
can be explored. Photocatalytic activity of the fabricated magnetite hollow titania capsules 
(MHTCs) can be studied and effects of the magnetite and titania contents, size and porosity 
on the photochemical activity of this porous material can be investigated. The research on 
fabrication of photonic crystals can be extended by exploring the suitable conditions, which 
can lead to a more ordered assembly of hybrid particles into the CCAs. A series of colloidal 
crystals can be fabricated by employing a variety of PS-metal/metal oxide hybrid particles and 
hybrid microgels as building blocks and modulation in their optical properties with 
temperature, size and chemical compositions can be studied. Mixing of a variety of the 
semiconductor and metal nanoparticles such as TiO2, Fe3O4, Au, Ag and Pt into a host matrix 
can be explored by exploiting the colloidal particles as carrier as described in the present 
work. 
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Appendix 1: XPS-survey spectra of (a) PS beads and (b) PS-In(OH)3 hybrid particles, 
prepared at 0.34 mM In(OC3H7)3 concentration. C 1s core level spectra of PS beads (c) before 
and (d) after the coating of In(OH)3 nanoparticles. In these spectra, A-F indicates the peaks 
characteristic of the A-F Carbons, respectively as shown in chemical structure of PS-AAEM 
in image (e). 
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Appendix 2: Dynamic light scattering measurements of (a) PS beads, (b) PS-TiO2 hybrid 
particles (sample 4) and (c) hollow TiO2 spheres obtained after the calcination of sample 4. 
From these results, one can observe that there is no change in particle size distribution 
of PS beads after the coating of TiO2 nanoparticles. The hydrodynamic radius has been found 
to increase from 270 nm to 475 nm after the precipitation of TiO2 shell. However, these 
values are somewhat higher than those obtained from microscopic (SEM/TEM) analysis. In 
the case of hollow TiO2 spheres, bimodal particle size distribution has been observed with the 
main peak at 365 nm. The appearance of small peak at 60 nm can be attributed to the broken 
pieces of hollow spheres. The damage of hollow spheres probably took place during 
dispersing these particles into water with the help of ultrasonic waves. 
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Appendix 3: SEM images of PS-TiO2 hybrid particles prepared by using different 
precipitating agents (a) CH3COOH, (2) NH4OH, (3) H2O and (4) HCl.  
These results illustrate that CH3COOH is the most suitable catalyst for the smooth and 
uniform coating of titania layer on polystyrene beads. In other cases, non uniform coating, 
high surface roughness and presence of secondary titania nanoparticles can be observed 
because of the fast hydrolysis of Ti(OEt)4 salt in employed reaction conditions. 
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Appendix 4a: N2 adsorption-desorption isotherms of the ZnO-TiO2 hollow spheres. 
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Appendix 4b: Pore diameter distribution of the ZnO-TiO2 hollow spheres. 
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Appendix 4c: BET plot of the ZnO-TiO2 hollow spheres. 
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Appendix 5a: (a) N2 adsorption-desorption isotherms of the magnetite hollow titania capsules 
(MHTCs). 
 
 
a 
 APPENDIX                                                                                                                                     137 
 
Appendix 5b: Pore diameter distribution of the magnetite hollow titania capsules (MHTCs). 
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Appendix 5c: BET plot of the magnetite hollow titania capsules (MHTCs). 
 
c 
 APPENDIX                                                                                                                                     139 
0 100 200 300 400 500 600
0
20
40
60
80
100  0 %
 0.5 %
 1 %
 2.5 %
 5 %
W
ei
gh
t l
o
ss
 
(%
)
Temperature (°C)
 
Appendix 6: TGA scans of PEMA matrix filled with different weight fractions of the PS/ZnO 
hybrid particles, taken at 5 K/min heating rate in air.  
These results reveal that the oxidative thermal stability of the PEMA matrix increases 
with an increase in PS/ZnO weight fraction from 0 to 5 % [Yua03]. The increase in filler 
content allows improved inhibition of the oxidative enhancement of random scission. The 
temperature at maximum rate of decomposition increases from 302 °C for neat PEMA to 334 
°C for PEMA-PS/ZnO nanocomposite with a PS/ZnO content of 5 wt %. This reveals that 
presence of PS/ZnO hybrid particles affect the thermal decomposition behavior of the PEMA 
matrix. 
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